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ABSTRACT 
Porosity is a common manufacturing defect in composite materials. It can be caused by inadequate 
debulk, curing cycles or trapped air, and has significant effects on the matrix-dominated properties 
of a composite. It is almost impossible to eliminate voids during manufacturing, and they can lead 
to the development of other defects such as delamination.  
Many researchers have investigated the influence of void content on the mechanical performance 
of composites. However the size, shape and location of voids are important parameters often not 
characterised. With knowledge of the size, shape and location of voids it is possible to not only 
qualitatively understand the failure of composites under load, but also to quantitatively compare 
their effects using numerical modelling techniques. 
The main objective of this thesis is to understand the effect of void features on the strength of 
composite materials, and to identify the void characteristics most influential in affecting the 
failure of composites. To achieve this goal, it was necessary develop a technique to manufacture 
samples with a controlled void content. A novel pressure and temperature-controlled method was 
used, and by varying manufacturing parameters, such as compaction temperature and pressure, it 
has been shown that samples with a range of void contents can be produced. Furthermore, two 
different material systems and lay-ups have been investigated.  
To characterise the voids, each sample has been analysed by X-ray Computed Tomography, 
which is a non-destructive technique that is allows the size, morphology and location of every 
void in a sample to be extracted and post-processed. However, accurate characterisation of the 
voids requires accurate identification of the void boundary and separation of the void from the 
surrounding composite material. A new, simple, rigorous, reproducible and accurate CT-
segmentation thresholding method is proposed to characterise voids in a wider range of composite 
systems and with reduced errors than previously known threshold methods.  
To characterise the effect of voids on strength, the short beam shear (SBS) test was used, and then 
results were correlated to the void morphology, size and location. This provided valuable 
information that helps to better understand the failure behaviour of composites containing void 
defects, and specifically how the voids influence the failure.  Furthermore, a simplified finite 
element model was developed and compared to the experimental results. 
This investigation has been undertaken on two different material systems, revealing useful 
information on the criticality of particular void features in composites that may be used in more 
detailed finite element models, such as micro-mechanical models, and may also inform 
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1 INTRODUCTION 
1.1 Motivation 
Fibre reinforced composites have become increasingly attractive for structural 
applications, particularly in the aerospace industry, due to their increased specific 
strength, durability, corrosion resistance, resistance to fatigue, and damage tolerance 
characteristics. Composite materials can also be tailored to meet precise design 
requirements and offer significant weight reductions in comparison with conventional 
materials, such as metals.  
The size and shape of a particular part often dictates the manufacturing processes that 
can be used to make it, from the basic hand lay-up approaches, to more advanced 
automated fibre placement (AFP) processes, and moulding processes, such as resin 
transfer moulding (RTM). All of these manufacturing processes have the potential to 
introduce defects into the composites, and it is almost impossible to achieve a defect-free 
part, with each manufacturing process introducing defects in different ways.  
Defects in composites can be divided into three categories – matrix, fibre and interface 
defects [1]. Partially cured composites, resin-rich areas, and voids are all matrix defects, 
fibre misalignments, waviness, and irregularities of the fibre distribution in the matrix 
are all examples of fibre defects, whereas delamination can be formed at the interface 
(see Figure 1-1).  
 
2   
 
Fibre waviness [2] 
 
Voids [3] 
Figure 1-1. Common defects in composites 
Arguably, voids tend to be one of the most critical manufacturing defects, as it is difficult 
to eliminate them during manufacture, they can cause other defects, such as delamination, 
and have been shown to have a detrimental effect upon the mechanical performance of 
composite materials. Currently, industry typically applies a criterion that the void content 
within a part should not exceed 2% average void content, and any parts having a larger 
void content should be discarded. However, this method assumes a homogeneous 
distribution of the void content in a part and is therefore not conclusive in determining 
the usability of a part. For example, some sections of a part may contain higher 
percentages of voidage in critical locations that will inevitably lead to premature failure. 
Alternatively, a part may have an average void content higher than 2%, but the voids are 
concentrated in low stress areas. In this case, the part may be discarded even though it 
would be suitable for service.  
The inconsistency of the overall void content criteria is also apparent when considering 
the effect of individual voids and their interactions with other voids. For instance, a part 
may have an apparently small void content, but contain one large void that can act as 
stress concentrator and can cause premature failure. The part may also include many 
voids located in close proximity to each other, such that during operation of the part 
cracks migrate and merge the voids together, thereby leading to premature failure of the 
structure.  
It may therefore be important to also take into account specific void features, such as 
size, shape, position, and distribution, which may be critical to the failure of the structure. 
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1.2 Technical Challenges 
The identified key technical challenges and unanswered questions are highlighted below: 
Previously, the majority of work has been focused on the correlation of the average void 
content to the mechanical properties of composites. However, the size, shape, distribution 
and location of voids will all affect the composite strength, and these void characteristics 
are also likely to interact, such that a combination of these void features is required to 
predict the failure behaviour. To obtain this void information, it is essential to use a 
modern non-destructive testing (NDT) tool, such as X-ray CT. However, despite the 
usage of X-ray CT to characterise porosity in recent studies, there is no accurate and 
simple post-processing tool that can reliably be used to separate composite from void, 
and thereby detect the boundary of the voids. Thresholding methods are the easiest post-
processing tool, however there is no established agreement regarding which threshold 
provides the minimum error in a wide range of composite materials. 
The formation of voids in composite materials is a complex process that is difficult to 
predict and control. The distribution, morphology, and sizes of the voids can differ greatly 
for different process parameters, different materials, and different stacking sequences. 
Even under the same conditions, two manufactured panels can form quite different voids. 
It is very challenging to manufacture samples with a desirable void content in a 
controllable manner. A manufacturing process that can be used to develop specimens 
with controlled void content would be beneficial in further investigating the influence of 
voids. 
Although many research groups have investigated the influence of voids on composite 
properties, there remains a lack of experimental data on the void features that are most 
critical to the mechanical performance of composites, and a lack of understanding of their 
effect on the mechanical performance of composites. This data can be used to identify 
simple analytical expressions that help to estimate the failure strength of composites 
containing voids. It may also eventually be used to develop micromechanical models that 
provide a more in-depth understanding of void effects and help the development of 
improved industry standards and knock-down factors. 
Modelling the behaviour of laminates containing voids can be also challenging. Detailed 
finite element (FE) analysis, such as micromechanical modelling, is complex, 
computationally expensive, and typically only feasible for analysing particular portions 
of a larger specimen. Even then, the implementation of these models requires many 
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assumptions and simplifications to be made with respect to the experimental testing. A 
simple and accurate model is generally preferred by industry that can be used to pass or 
fail composite components based on homogenised information of porosity at a 
component, or ply level. 
1.3 Objectives 
Based on the technical challenges, the objectives of this thesis can be summarised as 
follows: 
1) Development of a thresholding method for the accurate characterisation of voids, 
specifically for accurate identification of the void boundary, i.e. separation of the 
void from the surrounding composite material. 
2) Development of a manufacturing technique to produce samples with controlled 
void content. 
3) Generation of a void features dataset, which can be used in a detailed analysis of 
the effect of critical void features on the failure of composite materials. 
4) Development of a simple analytical and finite element (FE) tools to predict the 
short beam shear strength of composites, based on void information. 
1.4 Novelty of the work 
In overcoming these technical challenges, the following points of novelty are found: 
1) A simple model was developed to simulate the CT-response to porosity. This 
provides the ‘true’ value of the void volume fraction and therefore the size of the 
voids. 
2) With knowledge of the ‘true’ value of the void volume fraction, it was shown that 
that a commonly used segmentation method ‘50% thresholding method’ is most 
accurate amongst other investigated thresholds in all but a few situations. 
3) A new adaptive threshold was introduced. This method is the first known 
thresholding method to provide an optimal solution for the full range of 
commonly encountered grey level histograms. 
4) A temperature and pressure-controlled method was successfully introduced to 
manufacture samples with the range of void contents.  
5) An extensive experimental data set has been obtained, containing 3-D information 
of all voids within each sample using X-ray CT.  
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6) The critical void features were identified using statistical analysis of the X-ray 
CT dataset and experimental results. A ‘critical void size’ was found, below 
which the voids don’t contribute to the failure and can be neglected. 
7) A novel comparative analysis of pairs of samples, with the same void content but 
different strength level, was introduced. This analysis provided important 
information of critical void features that affect the failure of composites. 
8) A simple analytical tool to predict the Short Beam Shear strength of carbon/epoxy 
composites, based on the void information obtained from X-ray CT, was 
introduced. This method allows for a quick check of the effect of voids on the 
strength of the composite structures without testing.  
9) A simplified FE model was developed to simulate the effect of voids in 
composites for different lay-ups. By knowing only the average void content of 
the composite it is possible to predict the failure strength by reducing certain 
parameters.   
 
1.5 Structure of thesis 
Based on the research objectives set in this thesis, the outline is described below: 
Chapter 2 ‘Literature review’ presents a review of the literature relating to void 
formation, void characterisation, and the effect of voids on the mechanical properties of 
composite materials, particularly the interlaminar shear strength (ILSS) 
Chapter 3 ‘A parametric study of segmentation thresholds for X-ray CT porosity 
characterisation in composite materials’ proposes a simple and accurate X-ray 
Computed Tomography (CT) segmentation thresholding method to characterise voids in 
composites. Sources of uncertainties in the results are investigated using a developed 
simulation, and recommendations are made to minimise those uncertainties. This Chapter 
is based on Objective 1 (section 1.3) and discusses Novelties 1-3 (section 1.4) in detail. 
Chapter 4 ‘Effect of the manufacturing process on voids in composite laminates’ 
introduces a novel manufacturing process that allows the production of samples with a 
range of void contents for two material systems – IM7/8552 and IMA/M21. The effect 
of the manufacturing parameters on the void content and void morphology are also 
discussed in this chapter. This Chapter is based on Objective 2 (section 1.3) and discusses 
Novelty 4 (section 1.4) in detail. 
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Chapter 5 ‘Statistical analysis of the effect of void features on composite strength’ 
provides statistical analysis of the void features on short beam shear (SBS) strength, in 
which critical void features are identified. This analysis is based on the extensive void 
dataset obtained from X-ray CT. This Chapter is based on Objective 3 (section 1.3) and 
discusses Novelties 5-7 (section 1.4) in detail. 
Chapter 6 ‘Prediction of SBS strength of carbon/epoxy composites’ contains a 
comparison of different methods of predicting the SBS strength in carbon/epoxy 
composites for different material systems and different lay-ups, using information about 
voids obtained from X-ray CT. This Chapter is based on Objective 4 (section 1.3) and 
discusses Novelty 8 (section 1.4) in detail. 
Chapter 7 ‘Modelling the failure behaviour of the laminated composites containing 
voids’ presents a simplified FE model to simulate a short beam shear (SBS) test for two 
laminate lay-ups: cross-ply and angle ply. A parametric investigation is shown in order 
to identify the most critical material damage model properties and their correlation to the 
average void content. This Chapter is based on Objective 4 (section 1.3 and discusses 
Novelty 9 (section 1.4) in detail. 
Chapter 8 ‘Conclusions’ summarises the main conclusions of the work and provides 
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2 LITERATURE REVIEW 
2.1 Void formation in composite materials 
The mechanisms that determine the formation of voids are complex, and depend on many 
material properties, processing parameters, and geometrical constraints [4]. This makes 
it challenging to predict the level of porosity in a particular region of a composite part, 
and even more challenging to predict the distribution, size, shape, and morphology of the 
voids within that region.  
Even so, it is known that voids primarily form in two ways: 
(1) Volatiles (such as moisture and solvents) dissolved within the resin during the 
processing and storage of the resin, which are then released during the cure 
process; and 
(2) Air trapped during the manufacturing processes when producing the 
composite. 
In the case of volatiles, if the resin pressure drops such that it is below the vapour pressure 
of the dissolved volatiles within the resin, then the volatiles will be released from the 
resin and form voids within the composite [5]. The void will then continue to grow until 
its internal pressure is at equilibrium with the hydrostatic pressure of the resin. It is 
therefore logical that the quantity of volatiles dissolved within the resin will have an 
effect upon the level of porosity. In fact, Boey and Lye [6] showed that uncured resins 
stored and exposed to humid conditions for extended periods absorbed moisture from the 
air, and as a result produced composites with a higher void content.  
2.1.1 The effect of processing parameters on void formation 
Boey and Lye [6] also showed that the void content of the final part could be reduced by 
the application of a large pressure during the cure process, although it was not possible 
to produce a completely void-free sample. Grunenfelder and Nutt [7] also showed that a 
high resin pressure helped to suppress the dissolved moisture from forming into voids for 
both autoclave and vacuum bag manufacturing processes.  
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This effect is seen in pure resin systems and pre-impregnated fibres (prepregs) [8], 
demonstrating the importance of maintaining a controlled atmosphere during the 
manufacture of composites.  
Although it has been shown that not only is it important to apply a high pressure in order 
to counteract the effect of dissolved moisture, it is also important to apply the pressure 
early in the cure cycle due to the lower viscosity of the resin in the early stages of the 
cure cycle [9]. 
The applied pressure is also important in the reduction of voids caused by entrapped air, 
as shown by Olivier et al. [10] for two different carbon/epoxy prepreg material systems. 
This study also showed that the void shape is affected by the applied pressure, particularly 
when the maximum pressure is applied when the viscosity is at its lowest. The result is 
that the voids become more elongated, presumably as they try to evacuate from the 
material system.  
Liu et al. [11] also showed that the timing of the maximum applied pressure is important 
and that it should be matched to the minimum viscosity of the resin, although this can be 
countered by increasing the dwell time of the applied pressure if necessary, albeit at the 
cost of increasing the processing time.  
The synergy between the applied pressure and the viscosity of the resin clearly indicates 
that the temperature of the composite during the cure process is also an important 
parameter. Hernandez et al. [12] showed that delaying the gelation of the resin (i.e. 
having a longer processing period) resulted in a lower void content, and that this 
processing period allowed the voids to evacuate from the system. The low viscosity and 
long processing period also allowed the remaining voids to elongate along the fibre 
direction, presumably as a result of trying to escape. 
This change in the void shape during the cure process is clearly not instantaneous, as  
Agius et al. [13] showed by quenching IM7/8552 carbon/epoxy composite samples at 
different stages of the cure cycle. This showed that during the second temperature ramp 
of this material system, the voids increased in size although the average void content 
stayed the same. It seems that the increased resin flow during this portion of the cure 
cycle caused the smaller voids to merge.   
In a later study, Hernandez [14] was able to produce samples of very low porosity 
(<0.2%) by optimising the temperature cycle to maximum the processing period. In 
addition, it was found that voids tended to cluster in resin rich areas, due to these resin 
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rich areas being supported by the fibre rich regions that surrounded them. As a result, the 
pressures on these resin rich areas were reduced and the voids were corresponding larger.  
It’s therefore abundantly clear that the cure cycle is very important to the resultant void 
content. And in fact, in some cases the manufacturers recommended cure cycle is less 
than ideal when trying to reduce the formation of voids [15].  
2.1.2 The effect of material properties on void formation 
Whilst the processing parameters are important in controlling the void content of 
composites, the role of the materials used to make the composite should not be 
overlooked. For instance, Thorfinnson et al. [16] found that reducing the impregnation 
of prepreg fibres reduced the porosity, because the dry areas within the prepreg allowed 
the volatiles and trapped air to escape more easily. Although, if the resin viscosity profile 
is not carefully tailored then poor impregnation can lead to significant porosity, as the 
resin is not able to take advantage of the pathways created by material system [17]. 
Clearly a balance needs to be struck between an initially viscous resin that allows dry 
areas to persist and the successful evacuation of air, and a low viscosity resin that allows 
full impregnation and the avoidance of dry areas in the final part but is more prone to 
excessive bleeding and void formation. 
Void formation can also be caused by improper mixing of the resin, or poor preparation, 
as large amounts of air bubbles can be introduced into the resin that act as nucleation sites 
for further voids to form [5]. Therefore, it is common practice to degas resins before use 
to reduce the void content of the final part [18]. 
When there is air trapped within a laminate, the air will try to escape along the path of 
least resistance, which is generally the fibre direction. However, the distribution of these 
paths to the edge of the composite are not uniform due to the varying compaction levels 
through the thickness of the sample. Grunfelder [19] showed that the void content in the 
middle of the sample is increased as a result of the increased compaction, as the 
compaction causes an decrease in the permeability in these middle plies. 
The importance of providing air evacuation channels is important in unidirectional 
laminates, however the challenges are even greater when using woven fabrics as the 
fabrics contain much more space for air to be entrapped [20]. Although the relative 
contributions to the void content resulting from the stacking sequence itself and the 
defects that arise from the stacking sequence are hard to differentiate [21].   
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2.1.3 The effect of geometry on void formation 
The geometry of a composite part can also have a significant effect upon the formation 
of voids, and these problems increase with the complexity of the geometry. For instance, 
Ma et al. [22] investigated the voids that arise in corners. In particular, it was shown that 
the void content increased linearly with an increase in the thickness of the corner, 
although the increase varied depending on whether the corner was convex or concave 
(relative to the tooling). For convex corners the increase in void content with thickness 
was similar to the increase in void content observed in flat panels, however for concave 
corners the increase was much greater due to the reduced compaction and resin 
accumulation.  
The challenges in minimising void content only increase as the size of the manufactured 
part increases, due to the difficulty in maintaining an even compaction pressure, the 
decreased number of air evacuation channels, the increased travel distance for voids 
trying to escape, and a proportional decrease in the breathing along the edges of the part 
[23]. 
2.1.4 Introducing voids into composites 
Applying this knowledge of void formation (discussed in sections 2.1.1-2.1.3) to create 
composite samples with specified void contents allows the effect of voids on the 
mechanical properties of composites to be investigated. To effectively investigate the 
effects, it is important to have as much control over the void content as possible, as well 
as the distribution, size, and shape of the individual voids. This presents many challenges, 
and so alternative methods have been devised for introducing controlled porosity into 
composites.  
For instance, it is possible to introduce PTFE (Teflon) monofilaments, tubes and strips to 
produce artificial voids [24], and it has been demonstrated that the effect of these artificial 
PTFE-voids has no significant effect on the mechanical properties beyond what an 
equivalent void would have.   
2.2 Void Characterisation 
Non-destructive testing (NDT) techniques are used to inspect composite structures after 
manufacture to remove the possibility of unacceptable defects. The most common non-
destructive method to check for porosity in composites is ultrasound through-thickness 
attenuation measurements [25]–[27]. Defects in laminates such as delamination, 
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inclusions, voids, interlaminar cracks and foreign objects all cause attenuation of the 
ultrasound, which can be detected by comparison of ultrasonic pulse-echo (back-wall 
echo) or through-transmission amplitude measurements with a threshold. The measured 
attenuation can be correlated with through-thickness average void volume fraction but 
the correlation is poor due to the dependencies of attenuation on the other porosity 
parameters such as pore size and distribution. Whilst ultrasonic attenuation is sensitive 
to void volume fraction, size distribution and depth distribution, standard through-
thickness attenuation measurements cannot differentiate between these. The result is that 
the uncertainties in the quantification of bulk porosity are large, making it very difficult 
to reliably achieve the desired low levels of porosity in production. For example, if 2% 
void volume fraction, 𝑉v is the maximum allowable and the 95% single-sided confidence 
limit in the measurement is 1.2%, then the measured 𝑉v must be less than 0.8% to give 
the required 5% probability that the actual porosity 𝑉v is less than 2%.  
Frequency dependence of ultrasonic attenuation provides an estimation of size 
distribution but has not been used successfully for porosity measurements in an 
inhomogeneous anisotropic solid [28]. Recent attempts to decompose the frequency-
dependent pulse-echo response into separate contributions from porosity and thickening 
of resin layers by [29], [30] and [31] have had some success in producing a 3D map of 
local porosity. Whilst these methods have shown potential, they still need further work 
to improve the decomposition process. 
Other NDT methods such as thermography and use of microwaves could be applicable 
in porosity determination but with some difficulties in practical use [32]–[34].  
Acid digestion is an alternative technique that is able to give an estimate of the void 
content in a specimen [35],[36], although the technique is destructive, does not provide 
details of void morphology and has uncertainties that are generally larger than required 
for validation of NDT methods. Reliable information regarding void morphology and 
distribution can be determined by optical microscopy [11], [37], [36], [38]; however, this 
technique is restricted to 2D and requires samples to be cut in multiple sections, which 
leads to a loss of some information, and of the sample itself. Furthermore, microscopy is 
very inaccurate due to the possibility of inclusions appearing as a result of the polishing 
process. These inclusions might be indicated as voids on the micrographs. 
Micro X-ray computed tomography (CT) is a promising non-destructive technique, 
which can give information about pore location, size and shape in three dimensions [38]–
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[43],[44]–[46]. However, the technique is only able to accommodate small sample sizes, 
if a high-resolution image of the individual pores is to be obtained. Usually, validation of 
the CT images is performed by comparison with optical microscopy of slices of the 
sample, which give high-fidelity measurements of the individual voids captured during 
CT-imaging.  
After CT-scan reconstruction, the object is represented as a set of voxels. Each voxel has 
a grey level, which is directly related to the effective linear attenuation coefficient (LAC) 
for X-rays of the incident photon-energy distribution in the corresponding voxel of the 
specimen. If the voxel contains more than one material, such as the edge of a pore and 
some composite, the effective LAC is comprised of a simple volume-weighted 
combination of the LACs of the constituent materials [47] – the ‘simple volumetric 
mixture rule’ – which is particularly important for the work in this thesis. The value stored 
at each CT voxel is called the grey level and is related to the effective LAC via contrast 
(gain) and brightness (offset) controls [47] and a transfer function that is primarily linear 
but, unfortunately, can vary slightly within the scan due to complications such as beam 
hardening. For the purposes of this thesis, a constant, linear transfer function will be 
assumed. The grey-level histogram of the sample generally has two peaks, which 
represent air and composite material; sometimes, if there are thick resin layers or other 
resin-rich regions, it is possible to detect three peaks, which correspond to air, resin-only 
and composite. However, in most of the cases, the resin-only and composite peaks are 
merged due to similarities in their attenuation coefficients and the width of their 
scattering-noise distributions. To identify and characterise the morphology of voids in 
the specimen, an image ‘segmentation’ must be applied, which is simply a rule-based 
decision about whether a given voxel is inside a pore or not.  Thus, image segmentation 
assigns voxels to one of the groups: ‘air’ or ‘material’. The simplest tool is to use a global 
threshold to separate these voxels: below the threshold is ‘air’, above the threshold is 
‘material’. 
A segmentation threshold can be manually selected [48], however its selection relies 
heavily on user interpretation. This introduces uncertainty to the results, as the results can 
be highly sensitive to changes of the threshold, particularly when the pore size is small 
so that there is a high ratio of pore-edge voxels, including part of the edge of a pore, to 
internal pore voxels. Researchers have suggested improvements to manual threshold 
selection in which a reference sample is CT-scanned at high resolution, so that a threshold 
is manually determined based on high resolution scans and then subsequently used for 
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the remaining lower resolution specimens [49], [50]. Optical microscopy has similarly 
been utilised for calibration of the chosen threshold [45], however these techniques are 
flawed for morphology characterisation because they will affect each pore size and shape 
differently.    
Other works have used the ‘Otsu threshold’ of minimization of variance between the 
material and air voxel populations [51], which is basically a first-moment method to 
segment the histogram, analogous to a centre-of-mass calculation. Some researchers 
based their threshold on a local variance method from Niblack [52], adapting the 
threshold according to the mean and standard deviation of the higher-attenuation peak, 
belonging to the composite material in this case [12]. Others used algorithms embedded 
in image processing software, such as Avizo [53], FijiTM[46] and ScanIP [44]. Kastner et 
al. [39] did a comparison of the effect of different thresholds on the porosity measurement 
by comparison with acid digestion. They selected one of the investigated thresholds for 
comparison with acid digestion, and showed a correlation coefficient of 0.993 between 
the methods. However, the void content determined from acid digestion is known to vary 
depending on factors such as the amount of acid used, the digestion time, and the 
temperature during digestion. Experimental errors are also introduced by the accuracy of 
the weight measurement scales, and accuracy of the physical densities of the fibre and 
resin used in the calculations [54]. 
Plank et al. [55] used reference samples with artificial porosity created by drilling holes, 
with diameters of 0.2 and 0.3 mm, in order to assess and compare different thresholding 
methods. The void content of the reference samples was determined by taking an average 
of the measured diameters of the holes, calculated manually from high-resolution 
microscopy images assuming an ideal cylindrically shaped hole. However, an average 
value is required in order to tackle the inherent inaccuracies of the method. For instance, 
the drill is unlikely to be perfectly perpendicular to the composite surface during drilling, 
and the drilling itself is liable to introduce delamination, fibre splitting, and breakout of 
the back surface of the laminate, which are difficult to observe and impossible to account 
for with this method. More recent work by Plank et al. [56] used high-resolution Micro-
CT scans to determine the true porosity and then showed that the required threshold to 
give the true average Vv increased with increasing voxel size. 
Nikishkov et al. [41] also used samples with porosity created by drilling holes with a 
diameter of 0.1 mm. The manufactured samples were used to compare different 
thresholding techniques and, in particular, to validate a proposed density-based 
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contouring method, which is based on the assumption that CT grey values are 
proportional to material density. The method uses sub-pixel contour generation for the 
average of the air and material grey values obtained in CT scans. The results showed that 
a threshold at 0.5 (on a normalised grey scale where the air peak is at zero and the 
composite peak is at 1) is the most accurate thresholding method of those investigated 
(other thresholding techniques including minimum threshold, Fuzzy C-means threshold, 
sub pixel edge detection). Although the authors showed that the threshold at 0.5 for pore 
detection works well, they did not compare the measured void content with the true value 
or conduct a parametric study of bias in the measurements, as this could not be achieved 
experimentally.  
In fact, the predilection of comparisons to experimentally produced reference samples 
has meant that no works have investigated the effects of different X-ray, sample or 
porosity parameters on porosity characterisation.   
2.3 The effect of voids on mechanical properties  
Voids have been of interest in the field of composite materials since the 1960’s, due to 
the detrimental affect they have on the mechanical properties. It is therefore important to 
understand how voids affect the mechanical properties and to quantify this effect, 
particularly as the effect is more pronounced for matrix-dominated properties, such as 
interlaminar shear, compressive and flexural strength. 
2.3.1 Tensile properties 
The effect of voids on the longitudinal tensile properties has been shown by a number of 
studies to be minimal due to it being a fibre-dominated property, although the effects are 
not entirely insignificant. For instance, Olivier et al. [10] showed that whilst the 
longitudinal tensile modulus and Poisson's ratio are not affected by void content, there 
was a moderate longitudinal tensile strength decrease of up to ~12% in specimens with 
large void contents (< 10%), which could be attributed to the voids causing local fibre 
deformations. Subsequent studies have also shown the insensitivity of the modulus to 
void content [11] and a similar small decrease in the tensile strength [11], [57]–[59], 
although in some studies the effect of voids is so small as to be negligible [60]. 
Zhu et al. [3] investigated the effect of voids on different quasi-isotropic lay-ups, finding 
that the lay-up did have some marginal effect on the shape of the voids, wherein samples 
with larger voids had a lower tensile strength. Gurdal et al. [61] similarly showed the 
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effect of voids in quasi-isotropic lay-ups, showing that when plies with the same fibre 
orientation were adjacent, larger voids were likely to form that had a greater effect on the 
strength.  
However, the effect on the tensile strength was small, and negligible for the tensile 
modulus. Naganuma et al. [62] also showed that the type of voids could have an effect 
on the tensile strength, by showing that voids open to a free surface of the specimen (e.g. 
along the thickness outer surface) had a greater affect than voids enclosed within their 
woven composite samples.  
In contrast to the effect of voids on longitudinal tensile properties, the relative effect on 
the transverse tensile properties for unidirectional laminates is greater. For instance, 
Olivier et al [10] found that at an average void content of ~10% the transverse tensile 
strength decreased by ~30%, whilst the transverse modulus decreased by ~9%. This is in 
comparison to the longitudinal modulus, which showed a negligible decrease, and the 
longitudinal strength, which decreased by a moderate ~12%. Similar reductions in the 
transverse stiffness and strength have been found in other composite prepreg composites 
[63] and resin transfer moulded laminates [64]. 
2.3.2 Compressive failure 
The effect of voids on the compressive failure is not so clear, with some studies showing 
as much as a 27% compressive strength reduction at a void content of ~11% [65], whilst 
others show only a moderate decrease of the compressive strength with increasing void 
content [14], [58], or no clear effect at all [66]. This variability in the effect of voids on 
the compressive properties could be due to the interrelation the voids have with the 
performance of the fibres, with the decrease in compressive strength having been 
attributed to a combined effect of multiple composite defects including voids, fibre 
waviness, and fibre misalignment [67].  
The effect of the void is to reduce the matrix-fibre interfacial bonds, thereby decreasing 
the lateral support of the matrix on the fibres [68]. Liebig et al. [69] showed that this loss 
of fibre stability could lead to fibre kinking/buckling, and as a result cause premature 
failure of a sample. The matrix-fibre load transfer capacity therefore depends 
significantly on the morphology of the voids, with a decreased fibre stability for fibres 
adjacent to voids elongated in the fibre direction [70]. Similarly, Hernandez et al. [14] 
showed that the distribution of voids was important, with clustered voids having a greater 
effect on the compressive strength.  
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2.3.3 Flexural properties 
Decreases in the flexural strength and stiffness have been recorded due to the presence 
of voids [11], [63], [71], [72]. Stamopoulos  et al. [63] suggested that the voids interacted 
with the damage mechanisms and thereby accelerated failure, and this was why flexural 
strength is affected by the presence of voids more than the flexural stiffness. Hayashi et 
al. [73] showed that the reduction in flexural properties in unidirectional properties was 
reduced for chopped fibre tapes compared to prepreg cross-ply laminates. It was 
suggested this was due to the increased spread in fibre orientations for the chopped fibre 
laminates, although a detailed analysis of the different void morphologies was not 
conducted.  
The interaction of voids with the damage mechanisms led to Chambers et al. [74] to show 
that the effect on the flexural fatigue performance can be even greater, and that a ‘critical 
defect’ volume existed, whereby voids smaller than a certain size (i.e. 0.03mm3) did not 
meaningfully contribute to the failure. Furthermore, above the ‘critical void’ volume, the 
void characteristics, such as void shape and size, became more critical to the flexural 
failure than the average void content of a specimen.  
The effect of voids can also increase the thickness of a composite. Hagstrand et al. [75] 
showed that even though the flexural stiffness and strength decrease due to the presence 
of voids, the increase in thickness of the samples (due to voids) caused a slight increase 
in the overall rigidity and load capacity due to the increase in structural moment of inertia.    
2.3.4 Interlaminar toughness 
There are surprisingly few papers reporting the effect of voids on the interlaminar 
toughness of composites. Asp and Brandt [76] studied the effects of voids on the mode I, 
mode II and mixed mode properties. This study showed that there was a small decrease 
in the strain energy release rate at crack growth initiation for both pure mode II and mixed 
mode testing, but no effect on mode I. However, the voids caused changes in the failure 
mechanisms of the propagating cracks, such that the cracks jumped between plies and 
caused interlaminar toughening. The strain energy release rate of crack propagation in 
mode I testing was therefore moderately increased. This effect was observed in the mixed 
mode tests, although the effect was diminished as the mixed mode became proportionally 
more mode II dominated. 
Mouritz [77] subsequently looked at the effect of voids on the mode I interlaminar 
toughness, and showed that the voids caused a decrease of the strain energy release rate 
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at crack initiations and propagation. This was said to be due to the crack branching not 
being extensive enough to travel between plies.  
2.3.5 Void effect on interlaminar shear strength  
The ability of a composite material to resist delamination damage relies heavily on the 
interlaminar shear strength (ILSS) of the material. ILSS is a property dominated by the 
matrix and the matrix/fibre interface, and so it is very sensitive to the presence of voids.  
Some of the earliest work in this research field goes back to 1968, when Bascom and 
Romans [78] and Kohn et al. [79] investigated glass-filament wound composites that 
contained voids. Many other studies have since investigated the reduction of the ILSS 
due to voids [43], [58], [80]. The work of Kohn et al. [79] was one of the first to identify 
the linear regression of ILSS with an increase of the average void content, showing a 
good linear correlation coefficient of 0.95 in the range of 0.08% to 7.4% void volume 
fraction.  
This linear relationship between the ILSS of a specimen and its average void content is 
also found in many other studies up to void contents of 30% [77], for different material 
systems, such as glass-fibre reinforced composites [57], [77], carbon-fibre reinforced 
composites [11], [25], [81], and natural fibre systems [82], different resin systems [83], 
and different manufacturing processes, such as for composites manufactured by out-of-
autoclave techniques [84], resin transfer moulding (RTM) and from pre-impregnated 
plies [85]. 
The linear relationship has also been found in samples containing artificially created 
voids, such as from hollow polymer microspheres [77] and hollow tubes [86], and is not 
restricted to unidirectional composite laminates, as it has also been shown when testing 
different quasi-isotropic laminates [3].  
It has also been shown that, whilst the relationship remains linear, many of these 
parameters affect the rate at which the ILSS decreases with average void content. For 
example, Thomason [87] showed that the slope depends significantly on the fibre surface 
coating, whilst Costa et al. [88] found that a hygrothermal environment could amplify 
the effect of voids on the ILSS. 
However, the results of some studies suggest that the relationship may actually be non-
linear. For instance, Koushyar et al. [89] showed very little effect on the ILSS at low 
average void content (<1%) and then a rapid decrease at higher average void contents. 
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Tang et al. [90] showed a similar non-linear relationship, although the low number of 
experimental points limits confidence in the degree of non-linearity. 
2.3.5.1 Attenuation coefficient correlation to the void content and ILSS. 
One of the major tools for the inspection of composites with defects has been ultrasound 
inspection, using through-thickness attenuation measurements. In the case of voids, this 
is due to the correlation that has been identified between the attenuation coefficient and 
the average void content, and therefore also the ILSS.  
Stone and Clark [25] showed that there is a bi-linear relationship between the attenuation 
coefficient and the average void content. It is said that this bi-linearity is due to the 
difference in the void shapes at different void contents, for instance the samples with 
average void contents below 1.5% tended to have more spherical voids, whilst samples 
with average void contents above 1.5% tended to have voids that were more flattened 
and elongated. This may also help to explain the non-linear relationship between ILSS 
and average void content, which is generally linear at average void contents below 2% 
but decreases asymptotically with further increases.  
In a later study, de Almeida and Neto [71] proposed a criterion to correlate ultrasound 
attenuation (or void content) and ILSS (Eq. 2-1), which was based on the equation 
proposed by Mar and Lin [91] for tensile failure of fibre reinforced composites with 
holes. This criterion showed good agreement with the experimental results from Stone 
and Clark [25], and is given by: 
𝝈𝐟 =  {
𝝈𝐟𝟎 𝐢𝐟   𝜶 ≤ 𝜶𝐜𝐫
𝑯(𝜶)−𝒎 𝐢𝐟   𝜶 > 𝜶𝐜𝐫
 
(2-1) 
wherein 𝜎𝑓0is the fracture stress of a laminate with low void content (as zero void content 
predicts infinite strength), αcr is the critical value of the absorption coefficient, empirical 
factor 𝐻 is the composite toughness, the exponent 𝑚 (typically between 0.28 and 0.35) 
is the order of the singularity of a crack with its tip at the interface of two materials.  
The critical value of the absorption coefficient can be obtained using the following 
equation:  








This approach has been successfully implemented by a number of other researchers [36], 
[92], [93]. However, Mouritz [77] showed in a study on glass woven polyester 
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composites that the Mar-Lin theory was not applicable for highly porous composites 
(above 12% average void content). 
2.3.5.2 Effect of void morphology on ILSS 
As will be discussed in Section 4.5, different material systems, process parameters, and 
stacking sequences can affect the void distribution and void morphology. In turn, these 
void features influence the ILSS.  
For instance, Olivier et al. [10] investigated two different carbon/epoxy laminates, which 
each showed a different decrease of ILSS with average void content increase. Whilst this 
may be partly due to the different material systems themselves, it was also found that the 
material system with the larger voids showed the larger decrease in ILSS. This suggests 
that the sizes of voids within a composite are important in determining the ILSS, and 
should be used in combination with the average void content to provide a better indication 
of the expected ILSS.  
The importance of void size has also been shown in a number of other studies [85], [86], 
[94], with Goodwin et al. [85] and Zhu et al. [94] also suggesting the importance of other 
void characteristics, such as length and shape. 
This can be explained by the effect of void morphology on the failure of composites, as 
the voids can act as stress concentrators that initiate failure [24]. The shape of the voids 
can also influence the crack direction by redirecting the cracks, bifurcating the crack, and 
providing a crack path through multiple voids [89], [94], [95]. This behaviour was shown 
in a post-mortem analysis of samples with voids by Zhu et al. [94] (See Figure 2-1). 
 
Figure 2-1 Micrographs of tested specimens with different average void contents 
showing cracks emanating from the voids: Average Void Content (%) - (a) 3.9%, 
(b) 6.5%; (c) 1.7%; (d) 4.7% [94]. 
 
20   
2.3.5.3 Prediction of the ILSS  
There have been many attempts to predict the effect of voids in composites, in addition 
to the Mar-Lin failure criteria [71], for example, Bowles and Frimpong [96] used 
micromechanical equations developed by Murthy and Chamis [97] to correlate the ILSS 
with void content, producing the following expressions for the ratio between ILSS of a 
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where Vv is the void content, Vfv is the fibre volume fraction. 
In applying these equations, Bowles and Frimpong [96] found that although the voids in 
the composites were mostly cylindrical, a much better fit was found assuming a spherical 
void shape. The reason for this result is not understood, although it is suggested by the 
authors that that this is could be due to the distribution of the voids, or that the voids 
behave as small delaminations or cracks, and the equation that relates the ILSS to this 
delamination/crack behaviour coincidentally happens to have a similar form as eq. 2-2.    
Koushyar et al. [89] also applied the micromechanical equations developed by Murthy 
and Chamis [97] and found good agreement with the experimental data for specimens 
with low average void content (< 1%). However, when the average void content increases 
the equation increasingly deviates from the experimental data. In contrast to Bowles and 
Frimpong [96], Koushyar et al. [89] found a marginally better fit when assuming 
cylindrical voids (i.e. eq. 2-3). This is consistent with the voids observed in the samples, 
which appeared to be elongated in the fibre direction.  
Another simple model can be introduced that assumes the voids are cylindrical and 
packed in a periodic array, such that the reduction in ILSS can be correlated to the 
reduction of the composites cross-section, (i.e. net section analysis), 
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]  (2-5) 
where 𝜏𝐼𝐿𝑆𝑆(0%) is the ILSS for a void-free laminate. 
This was originally investigated by Wisnom et al. [24], who showed that the theory 
predicts the ILSS well when compared with experimental results, although the 
experimental data was very limited. In addition, the voids were created artificially using 
PTFE (poly-tetrafluoroethylene) tape and so had idealised shapes.  
Hernandez et al. [12] also compared the net section analysis to a limited set of 
experimental results and showed that the general trend of the ILSS reduction was well 
captured by the net section analysis at larger average void contents (> 1%). However, the 
ILSS was overestimated for the composites with void content below 1%. It is suggested 
that this discrepancy is related to the differing shapes of the voids at average void contents 
above and below 1%, although this is not confirmed. 
2.4 Modelling of Voids in Composites  
Surprisingly, the effects of voids on the mechanical properties of composite materials 
haven’t been widely investigated using numerical finite element (FE) models. Most of 
the modelling work that has been done has looked at the microstructural scale. 
For example, Vajari et al. [98], [99] investigated the effect of multiple voids in 
unidirectional composites under transverse normal and longitudinal shear loading using 
a 3D representative volume element (RVE) FE model in Abaqus. The models included 
two different types of randomly distributed voids – inter-fibre voids (voids extending 
between adjacent fibres) and circular matrix voids (voids entirely enveloped by matrix). 
The fibres were modelled as isotropic and elastic, however, in order to capture the brittle 
behaviour of an epoxy matrix, the matrix is modelled using a modified form of the 
Drucker-Pragel model developed by Lubliner [100].  
In contrast , Huang and Talreja [101] looked more closely at the behaviour of a single 
void by modelling one-eighth of an RVE containing a single cigar-shaped void (with an 
elliptical cross-section) in a homogeneous composite. The results showed good 
agreement with an analytical model, and were also found to agree well with experimental 
data available in the literature. More recently, Carraro et al. [102] replicated the real 
geometry of a void obtained using optical microscopy, modelling the plies as 
homogeneous and orthotropic. The 2D model displacement boundary conditions and 
 
22   
assumed plane strain, and was able to show agreement with the crack initiation and 
propagation found from the experimental results.  
 
Figure 2-2. Example of the principal strain plot in FE analysis carried out on 
geometry extracted from micrographic image [102].  
These models do not however give a good overall picture of the effect on structural 
performance due to voids as they are too small scale and not related to overall void 
content of a sample. The microstructural level is therefore a level below what is the focus 
of the work in this thesis, which is instead aimed at the engineering structural capability. 
Nikishkov et al. [103] developed a mesoscale short beam shear test FE model. Voids 
were introduced into the model based their detection from CT-images of real composite 
specimens, with the properties of the voids simulated by reducing the stiffness of the 
elements in void locations and voids smaller than the element size neglected from the 
analysis. This showed that a single large void in the critical area can cause a greater 
reduction in the mechanical properties than a number of voids spread throughout the 
composite.  
For small scale structural capability, ply-by-ply models with individual damage modes 
included are becoming increasingly common and have been shown to be an accurate and 
useful tool. These models include for example, continuum damage models for matrix 
cracking [104]–[106], cohesive interface elements for delamination [107]–[110] and 
fibre failure criteria [105], [106], [111], [112]. They have been used effectively to 
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investigate geometric features such as open-hole failure [113]–[117] and to predict failure 
due ply terminations in tapered laminates [118]–[121]. More recently, ply-by-ply models 
have been used to investigate manufacturing defects, such as wrinkles [2], [122]. 
However, to the knowledge of the author, no work has been done so far to investigate 
how to model the effects of voids at a ply-by-ply scale.      
2.5 Concluding Remarks 
As has been shown in the literature, voids are difficult to eliminate and have a significant 
effect upon the mechanical properties of composite materials. This has resulted in many 
studies on voids in composites, although gaps remain in the literature that will be 
addressed in this thesis. New methods to characterise voids are now available, such as 
micro-CT scanning, which allow the voids to be fully characterised in 3-dimensions, in 
more detail and more accurately than before. This is expected to provide better 
understanding of the effect of voids in composites than previous studies.  
However, there is no established segmentation method that can be quickly and accurately 
post-process CT-images in order to identify and characterise voids. Using information 
obtained from CT, and after applying the correct segmentation method, it will be possible 
to investigate the effect of void size, morphology and position on the mechanical 
properties. Furthermore, this information can be used to develop simple analytical and 
FE models as easy and quick tools to predict the strength of the structure with voids. 
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3 A PARAMETRIC STUDY OF 
SEGMENTATION 
THRESHOLDS FOR X-RAY 
CT POROSITY 
CHARACTERISATION IN 
COMPOSITE MATERIALS  
Non-destructive testing (NDT) techniques are used to inspect composite structures after 
manufacture in order to identify the extent of any defects and to help assess their potential 
impact on mechanical performance. Micro X-ray computed tomography is a promising 
NDT technique which can give information about pore location, size, and morphology, 
in three dimensions. To identify and characterise voids in a specimen, an image 
‘segmentation’ must be applied to the full CT dataset, which is simply a rule-based 
decision about whether a given voxel is inside a pore or not.  
The work in this chapter uses a simple model to analyse and compare the effectiveness 
of previously accepted threshold methods for segmentation across a range of values of 
several different material and porosity parameters. A new CT-segmentation thresholding 
method is proposed and evaluated for characterising voids in a wider range of composites 
exhibiting reduced errors than the accepted segmentation methods, in certain scenarios. 
The sources of uncertainties in the results are investigated by modelling the porosity and 
analysing the effects of the simulated voids, and recommendations are made to minimise 
these uncertainties. In this chapter, a ‘normalised grey level’ scale will be used where the 
grey level of air is set to zero and the grey level corresponding to the ‘nominal’ fibre-
volume fraction (Vf) of composite is set to unity. Grey level varies with Vf, which is not 
uniform in the composite, but this is treated as one of the parameters in the parametric 
study later. 
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The objectives of this Chapter are to propose a simple, rigorous, reproducible and 
accurate CT-segmentation thresholding method to characterise voids in composites, to 
study the sources of uncertainties in the results using modelling and simulation, and to 
recommend methods to minimise those uncertainties.  
In Section 3.1, the segmentation method is described and justified based on the physics 
and known properties of X-ray CT imaging methods. In Section 3.2, the model used for 
simulation of the multi-dimensional parametric study is described. In Section 3.3, the 
model is validated by comparing it with experimental data.  In Section 3.4, a parametric 
study of the segmentation thresholds is shown. In Section 3.5, improvements to the 
threshold are described for particular cases. 
3.1 Proposed segmentation method. 
The segmentation method has to determine whether a given voxel is to be counted as 
inside a pore or not, based purely on its grey level. Grey level is assumed to be linearly 
related to the effective linear attenuation coefficient (LAC) in the voxel, which is a 
combination of the LACs of the voxel’s component materials for the relevant photon-
energy distribution [123]. These materials contribute to the effective LAC using a simple 
volume-weighted mixture rule, which means that the threshold on grey level is effectively 
a threshold on the relative volumes of air and composite in the voxel, neglecting any 
variations in the transfer function due to changes in the photon-energy distribution across 
the scan volume. Obviously, the critical voxels for measuring pores are the ones that 
straddle the edge of a pore, containing some air and some composite, and the 
segmentation threshold has to apportion these in a way to minimise any bias in the 
resulting pore measurements, including the full-volume void volume fraction, Vv.  
The basic assumption in the proposed thresholding method is that a voxel should count 
as a pore-voxel if more than half of its volume is air, otherwise it is not counted as in a 
pore.  The statistical reasoning behind this assumption is that the errors in apportioning 
pore-edge voxels as air should be fully compensated by the errors in apportioning pore-
edge voxels as composite. This is shown in Figure 3-1, in which the histogram displays 
a roughly constant count of pore-edge voxels (between 0.1 and 0.9). The threshold is set 
at 0.5 (50%) in this example.  
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Figure 3-1. Simulated grey-level histogram of the composite with Vv = 15%, 
scattering noise standard deviation: 0.03 (normalised grey level), showing where 
the edge voxels appear in the histogram and (inset) how they are classified as 
above (red) or below (green) a segmentation threshold of 0.5. The resulting 
apparent pore morphology is shown as a black-edged shape. 
Whilst this would appear to be logical for total void-volume fraction (Vv) measurements, 
for pore characterisation of linear sizing (length, width, etc) and morphology, the 
segmentation method needs to accurately track the pore edges and there are known errors 
in edge-location when using this 50% threshold for curved edges – see inset diagram in 
Figure 3-1.  The assumption of the 50% segmentation threshold is that the location of the 
edge of the pore is at the centre of a voxel with a normalised grey level of 0.5. Errors can 
occur due to the shape of the pore edge – if it is flat then the error is zero, but any curvature 
will cause an error in the use of the voxel centre as the pore edge [124]. 
There are also some cases in which the total Vv is overestimated, due to e.g. scattering 
noise. This is shown in Figure 3-2, in which the simulated histogram has wide composite 
and air peaks due to scattering noise. In this case, the 50% threshold will overestimate 
the pore sizes, on average, and the total Vv, and so the threshold needs to be set at a lower 
percentage to compensate for this effect. Section 6 will explore methods for automating 
the setting of this threshold level, based on the histogram.  
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Figure 3-2. Simulated grey-level histogram of the composite with Vv = 15%, 
scattering noise standard deviation:0.2 (normalised grey level) 
3.2 Model description 
For this model, the ratio of the measured-to-actual total void volume fraction was chosen 
as a metric to investigate sources of bias and uncertainty in the characterisation of pore 
sizes. In each model with spherical pores of a single size, the actual void volume fraction 
depends on the single pore radius, R and the number of pores per unit volume. Different 
shapes of pores could be created but, for most of the modelling in this chapter, the pores 
are spheres, so the volume of the pore, V can be obtained using the simple equation for 
the volume of a sphere 
One pore is created within a virtual cube in the data and the ratio of the pore volume to 
that cube volume is equal to the Vv. The location of the pore within its virtual cube is 
varied randomly so that, with numerous pores in the model, the relationship between 
pore-edge locations and voxel centres is randomised and all values of Vv within a voxel 
are possible, giving a relatively flat but non-zero histogram between the air and composite 
peaks – see Figure 3-1. The use of this random pore location avoids a source of systematic 
errors in the measurements of Vv where certain spikes in the histogram would appear due 
to specific repeated locations of pore edges within voxels.  
 





Figure 3-3. Pore segmentation from the simulator using 50% threshold, scattering 
noise standard deviation: (a) 0.05 (b) 0.15 
The simulated CT data set is generated as a 3D set of voxels, each containing a single 
scalar value of normalised grey level, based on the following methodology and 
assumptions: 
(a) Grey level is linearly related to effective linear attenuation coefficient [47]: 
 𝑮 = 𝒂𝝁 + 𝒃 (3-1) 
where G is the CT grey level, μ is the effective linear attenuation coefficient in the voxel, 
a is a contrast, and b is brightness. 
For this model, a ‘normalised grey level’ is used, in which 0 corresponds to air and 1 






The simple volumetric mixture rule has been established as being appropriate for 
converting the linear attenuation of composite, 𝜇composite and air, 𝜇air within a voxel into 
an effective linear attenuation µ: 
 𝝁 = 𝑽𝐯 𝝁𝐚𝐢𝐫 + (𝟏 − 𝑽𝐯) 𝝁𝐜𝐨𝐦𝐩𝐨𝐬𝐢𝐭𝐞 (3-3) 
where µcomposite is the linear attenuation of the composite, µair is the linear attenuation 
coefficient of the air and Vv is the void volume fraction.  
(b) Voxels at pore edges are divided into sub-voxels for determining grey level.  
In the model, voxels that are completely within or entirely outside pores have normalised 
grey levels of 0 or 1, respectively. A voxel at the edge of a pore takes a normalised grey 
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level equal to the proportion of its volume that is outside the pore. This is calculated by 
dividing the voxel into 1000 sub-voxels (i.e. 10 × 10 × 10). Each sub-voxel is checked to 
see whether its centre is inside the pore or not, thus determining whether its normalised 
grey level should correspond to ‘air’ or ‘composite’ (0 or 1). The normalised grey level 
of the voxel is taken as the mean of the 1000 sub-voxel normalised grey levels 
(c) In addition, there will be an influence from the X-ray scattering noise during 
CT-scanning.  
This is caused by spurious photons arriving at the detector from scattering interactions in 
voxels other than on the direct X-ray path. To investigate this, randomly-generated 
normally-distributed incoherent noise (with a mean of zero and a specified standard 
deviation as a normalised grey-level) is added to the modelled voxel grey levels in the 
CT data set.  
(d) There will be some structural (coherent) noise caused by FVF variations in the 
composite.  
This will affect the effective LAC of the voxels in the composite but not in pores, so this 
normally-distributed noise (with a mean of zero and a specified standard deviation as a 
normalised grey-level) was only added to the composite voxels where it is effectively 
combined with the scattering noise in quadrature to give a single normal distribution with 
a standard deviation equal to the square-root of the sum of the squares of the two 
(coherent and incoherent) standard deviations. 
(e) Resin-only layers between plies and other resin-rich regions exist in 
composites. 
Voxels in these resin regions will take the grey level corresponding to the LAC for resin 
only, plus the added scattering-noise distribution.  By default, the resin-only normalised 
grey level used in the simulator for this chapter was set to 0.8, except for the section 
where the influence of this parameter is explored.  If these resin-only regions become an 
appreciable proportion of the total volume, then a third peak in the histogram can appear. 
This is simulated as actual resin-only layers in the model and a similar volumetric mixture 
rule issued to determine the grey value for resin-edge voxels. 
(f) Finally, a histogram is generated for the whole model as this can easily be 
analysed to determine the volume above and below a given threshold in order 
to calculate the ‘measured’ void volume fraction.  
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3.3 Modelling Results and Validation 
There are different parameters that can be varied in the model in order to explore their 
influence on the proposed segmentation methods: (a) sample dimensions; (b) voxel size; 
(c) resin layer parameters (position and proportion of total volume); (d) void volume 
fraction, Vv; (e) porosity radius; (f) coherent noise standard deviation due to structural 
fibre volume fraction (Vf) variations; and (g) incoherent noise standard deviation due to 
X-ray scattering. However, it is possible to eliminate several parameters that have 
minimal impact on void measurement. Furthermore, pore radius, void volume fraction 
(Vv) and number of pores in a sample are inter-related, although they may not all have a 
significant effect on void measurement. 
Figure 3-4 shows a surface plot of the actual Vv, as a function of pore radius and number 
of pores in a fixed sample volume of: 0.5 mm3 with the chosen assessment metric for the 
parametric study – measured/actual Vv – plotted as a colour on the surface. The model 
was run on a sample size of 1 mm × 1 mm × 0.5 mm, voxel size of 10 µm, scattering-
noise standard deviation (in normalised grey level) of 0.05, using a segmentation 
threshold of 0.5 (50%). The radius, number and locations of pores were varied between 
models but all pores within a single model were the same size. 
Inspection of Figure 3-4, where each cross symbol indicate the result of a simulation for 
a given number of pores of a particular size, shows pore radius to have the dominant 
influence on the measurement bias, i.e. Measured/Actual Vv. This bias is thought to be 
due to either the lower number of voxels describing the edges of a smaller pore, or the 
higher curvature of the edges of smaller pores and this is investigated later (in 









Figure 3-4. (a) 3D surface plot of actual void volume fraction (VV) as a function of 
pore radius and number of pores in a fixed volume of 0.5 mm3 with an overlaid 
colour plot of measured to actual void volume fraction (VV) and (b) 2D surface 
plot of actual void volume fraction (VV) as a function of pore radius with overlaid 
contour plot of error in measured VV using a 50% segmentation threshold. 
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3.3.1 Effect of pore-radius to voxel-size ratio. 
One of the important parameters governing CT image quality is voxel size, which should 
be smaller than the structural features that need to be imaged. The minimum achievable 
voxel size is dictated by two factors: 1) the focal spot size in the source which dictates 
the geometric unsharpness such that it is pointless reducing the voxel size further; and 2) 
the ratio of the maximum size of the specimen, or region within a specimen that is to be 
imaged, perpendicular to the CT rotation axis, to the number of detector pixels across the 
detector in that direction. For this reason, it can be almost impossible to achieve a voxel 
size smaller than all the pore sizes in realistic sized test coupons. Therefore, it is important 
to understand the dependence of Vv measurement on the ratio of pore size to voxel size. 
A simple example of this effect is to consider a cube of 2 × 2 × 2 voxels, containing a 
pore centred at the cube centre, where the pore volume in each voxel is just less than 50% 
of the voxel volume. In this case, each voxel will register 1 (not in a pore), the measured 
pore volume will be zero, but the actual pore volume will be just less than 4 voxels. If 
the pore is spherical, this corresponds to a pore radius of 0.985 of the voxel size. Thus, 
the 50% threshold will gradually underestimate pore volume as pore radius reduces to 
0.985 voxels, at which point the measured pore volume could reduce to zero if the pore 
is centred on a node between voxels, or anything up to 4 (voxels) if the pore is not at a 
node. For numerous pores at random locations, an average Vv of zero is reached when the 
pores all have a volume less than 50% of the voxel volume – i.e. when the pore radius is 
less than 0.49 of the voxel size. This effect is demonstrated for random pore locations 
using the simulator in Figure 3-5.  
Figure 3-6 shows the dependence of bias on pore-radius / voxel-size ratio for 
segmentation thresholds of 40%, 45%, 50%, 55% and the Otsu threshold [51], which is 
recalculated for each model and will vary depending on void volume fraction. Statistical 
variations in the curves were reduced by using a larger total volume of the model but 
larger models take longer to run so this was a compromise. It can be seen that the 50% 
threshold and Otsu threshold provide the most accurate segmentation for larger pore sizes 
(radius greater than 3 voxels). However, none of the thresholds work well with a pore 
radius less than 4 voxels, at which point the bias is an underestimate of 2% for the 50% 
threshold and an overestimate of approximately 1% for the Otsu threshold. As in Figure 
3-5, the 50% threshold curve is tending to zero at a pore radius of approximately 0.5 
voxels, as predicted by the above analysis for a pore at the centre of 8 voxels. 
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Figure 3-5. Effect on the 50% threshold measured / actual Vv ratio of the pore-
radius / voxel-size ratio. 
 
Figure 3-6. Error as a function of the pore size for the different thresholds, 
VV=10%, scattering-noise standard deviation of 0.05 (as normalised grey level). 
The 55% threshold gives an exact measurement (zero bias) for one particular pore size. 
This is where the underestimate due to size or curvature of the pore is exactly cancelled 
by the general slight overestimate in pore measurements due to the higher threshold. Due 
to this effect, it has been suggested by Plank et al. [125] that the threshold should be 
increased for larger voxel sizes (lower pore-radius / voxel-size ratio) but real composites 
contain a distribution of pore sizes, requiring a different threshold for each pore size. A 
single threshold above 50% may give a more accurate total Vv but the segmentation of 
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void morphology would underestimate the sizes of small pores and overestimate the sizes 
of large pores. 
Figure 3-7 shows the same data plotted to show the bias in Vv as a function of the 
segmentation threshold value for selected values of pore radius (in voxels). The slope of 
each curve is used in the following section for validation of the model against experiment, 
where total Vv has been measured for a known pore-size distribution.  
 
Figure 3-7. Bias in Vv as a function of threshold for different pore radii/voxel size, 
where the actual Vv in the model was 10%. 
The conclusion of this study of the accuracy of porosity measurement as a function of 
pore size is that all small pores will be underestimated in size more than large pores, for 
any single segmentation threshold. If a threshold above 50% is used, then larger pores 
could be overestimated in size. 
3.3.2 Model validation 
Small samples (230 mm × 10 mm × 2.6 mm) with porosity introduced by deliberately 
adjusting the cure-cycle parameters were manufactured according to the procedure that 
will be outlined in chapter 4. The samples were subsequently scanned using X-ray CT at 
55 kV source voltage, 2000 projections, 4 frames per projection, source current 140 mA 
using a Nikon XTH320 system. The data was post-processed within a large volume just 
inside the edges of the specimen (i.e. excluding air from outside the specimen) using the 
50% segmentation threshold. This allowed characterisation of each pore within the 
samples, in order to determine their morphology, size and location. Quantitative 
comparisons were made between high-magnification optical microscopy images and the 
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μCT-scans using a 50% segmentation threshold at the same locations within a chosen 
specimen (as shown in Figure 3-8). The results showed excellent correlation in terms of 
the void shape, dimensions, and distribution [126]. 
  
Figure 3-8. Comparison of void size, shape and distribution using: (a) microscopy; 
(b) CT-scanning [126]. 
To validate the model described above, the CT results of the samples with introduced 
porosity were analysed to determine the relative dependence of total Vv on segmentation 
threshold to check the slope of this dependence for a known pore-size distribution against 
a weighted average of the slopes for each size in Figure 3-7. Firstly, the average void 
content was calculated from the experimental CT data using different thresholds in the 
range of 40-60% (Figure 3-9) within the VG Studio Max software. The voxel size of the 
CT-scanned sample is 13.1 µm. The 50% threshold determined an average void content 
of 3.69% with a bias that depends on the threshold (Figure 3-9), with the non-dimensional 
slope of the least-squares fitted line equal to 0.0626.  
In order to validate the modelling methodology, the experimentally determined slope can 
be compared with a predicted slope based on a weighted average using the pore-size 
distribution to determine the weightings. The above analysis and discussion justifies an 
assumption that the smallest dimension and highest curvature of a given pore will govern 
the bias in its volume measurement by segmentation. For the investigated material system 
(IM7/8552), voids tend to be needle-like in shape and elongated in the fibre direction 
[126]. As a result, the void size in the thickness direction is used for this analysis, as the 
void size in this dimension will be smallest and therefore will be the dominant 
contribution to the bias in the Vv measurement and its slope relative to the threshold. 
Figure 3-10 shows the experimental thickness-direction void-size distribution of the 
sample. 
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Figure 3-9. Effect of threshold on void volume fraction for experimental results, 
(Voxel size = 13.1 µm, the red line shows the best fit of the experimental data). 
 
Figure 3-10. Distribution of through-thickness pore sizes. Vv=3.69% (50% 
threshold), voxel size = 0.013 mm. 
The simulator was used to predict the slope of Vv against threshold for the range of pore 
radii in the pore-size histogram in Figure 3-10, using a simulated voxel size of 13.1 µm 
to match the experimental voxel size. Each model uses random void locations but is 
simplified by creating all voids spherical and of equal size. The results of the analysis are 
shown in Figure 3-11, which also shows that the slopes of the graphs differ from the 
experimental results, probably due to the distribution of void sizes in the actual samples 
where the mean pore size is approximately 50 µm, so the equivalent mean pore radius is 
25 µm.  
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Figure 3-11. Void volume fraction vs threshold for different pore radii (modelling 
results), actual Vv=3.7%, voxel size = 0.0131 mm. The red line shows the best fit 
from the experimental data in Figure 3-9. 
To enable comparison of the modelling and experimental results, a weighted-average 
slope, ξ, was calculated using the distribution in Figure 3-10 as the weighting for each 











where N is number of analysed bars in the graph in Figure 3-10, wi is the number of pores 
in the range of sizes represented by bar i in Figure 3-10, ξi is the gradient of void volume 
fraction vs. threshold for a pore radius corresponding to the middle of bar i. 
The model-predicted weighted-average slope is 0.0552, which is 12% less than the 
experimental value of 0.0626. This provides an acceptable agreement between model and 
experiments considering the experimental pore shapes are not spherical and it is difficult 
to know which dimension of pore size to use for the comparison. 
3.3.3 Effect of the pore-edge curvature 
It is not obvious whether the underestimation of pore size for small pores is due to the 
size itself or more to do with the increased curvature of the edges. In order to investigate 
the effect of edge curvature on pore segmentation, spherical and cubic pores were 
compared see Figure 3-12). Although cubes have a large amount of surface with no 
curvature, they do of course have a very high curvature at edges and corners, so this is 
not a perfect test.   
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(a) (b) 
Figure 3-12. (a) Spherical and (b) cubic pores with the R = 60 µm, Vv = 10%, 
voxel size = 10 µm, scattering noise 0.1 
The effect is illustrated in Figure 3-13, in which it is shown that at smaller pore 
radius/voxel sizes the error using spherical pores is larger than for the cubic pores. The 
conclusion is that there is a curvature effect working in combination with the pore-size 
vs. voxel-size effect discussed above. 
 
Figure 3-13. Effect of pore shape on measured Vv using 50% thresholds. Scattering 
noise:  0.1, Vv  = 10%. 
3.4 Parametric study of segmentation thresholds 
3.4.1 Effect of the (incoherent) scattering noise 
Scattering noise is one of the most common CT artefacts, and can affect the segmentation 
boundary of the pores on the CT-images. It is possible to reduce it by increasing the 
number of images (shots) per projection and averaging them, or by applying the noise 
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filter in the reconstruction software, if provided. Scattering noise will affect the measured 
grey value of each voxel. It is assumed that, in the histogram of grey levels, the scattering 
noise manifests itself as a normal distribution around the mean grey value for the relevant 
material. In the simulator, the scattering noise is added by specifying a standard deviation 
for that normal distribution but the mean value of the distribution for that material is not 
affected. 
From experience, for optimised CT-scanning, an acceptable normalised grey-level 
scattering noise is between 0.1 and 0.15. Figure 3-14 shows the grey-level histogram of 
the experimental CT-scan of the porosity sample. Scattering noise standard deviation 
calculated from the experimental histogram is 0.11 (Figure 3-14). 
 
Figure 3-14. Experimental normalised grey-level histogram of the porosity sample. 
Both the 50% and Otsu thresholds show increasing over-estimation of void volume 
fraction with increasing scattering noise (Figure 3-15). In addition, the behaviour is 
erratic, and bias is high for the Otsu threshold with a scattering-noise standard deviation 
above 0.15. For the 50% threshold, a maximum bias of 18% occurred at a pore radius of 
10 voxels and scattering noise of 0.2, but the behaviour of the 50% threshold is more 
stable than the Otsu threshold for all levels of scattering noise 
 





Figure 3-15. Effect of the scattering noise level (given in the legend as a normalised 
grey-level standard deviation) on the pore detection for (a) 50% threshold and (b) 
Otsu threshold, Vv  =10%. 
3.4.2 Effect of (coherent) structural noise  
Additional noise can contribute to the ‘composite’ peak distribution due to fibre volume 
fraction, Vf, changes because fibres and resin have different LAC values. The normalised 
grey level takes a value of unity for the LAC of a ‘nominal’ Vf and the default resin-only 
normalised grey level used in this paper is 0.8, although this is varied later in a study of 
this parameter. Note that a nominal Vf of 60% was used in the simulator for the composite 
regions. Thus, a standard deviation in Vf of 10%, which would be a large manufacturing 





Figure 3-16. Effect of the structural noise Vf standard deviation for (a) 50% 
threshold and (b) Otsu threshold, Vv = 10% and scattering-noise standard 
deviation of 0.1. 
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From Figure 3-16, it can be seen that both of the compared thresholds (i.e. 50% and Otsu) 
perform well, with bias of less than 5%, even with a large standard deviation (10%) in 
the Vf, above a pore radius of twice the voxel size. 
3.4.3 Effect of the resin-layer parameters.  
3.4.3.1 Grey level of resin vs. composite 
The grey-level histogram of a composite-material CT-scan usually comprises three peaks 
that correspond to ‘air, ‘resin’ and ‘composite’, in order of increasing effective LAC. The 
LAC of a material is based on the chemical formula, which defines its effective atomic 
number [127] and its electron density. Therefore, by changing a composite’s material 
constituents (e.g. resin or fibre materials), or by changing the nominal fibre volume 
fraction, the normalised grey level of the resin peak may vary significantly. For the 
purposes of this parametric study, it has been allowed to vary from 0.6 to 0.9 in the 
normalised grey-value histogram (Figure 3-17).  
 
Figure 3-17. A composite material’s grey-level histogram showing the ‘air’, ‘resin’, 
and ‘composite’ peaks with the 50% threshold (blue) and the Otsu threshold 
(green).  The region marked in yellow shows where resin-only voxels have been 
erroneously counted as porosity by the 50% method; it does not go down to the 
baseline because there are some voxels that should be counted, which are only at 
those grey levels because they are at the edge of the pore. 
In some composites, such as most carbon/epoxy composites, the ‘resin’ and composite’ 
peaks will be merged due to similarities in their LAC. However, when the resin’s 
normalised grey level is low and/or the scattering noise is high, there is a chance that the 
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lower tail of the resin peak will cross the 50% threshold, causing resin voxels to be 
counted as air and resulting in an overestimate in porosity Vv as shown in Figure 3-17. 
Figure 3-18 and Figure 3-19 show the effect of varying the resin-only normalised grey 
level, as a function of scattering noise, on porosity segmentation. A fibre volume fraction 
(Vf) standard deviation of 10%, equivalent to a normalised grey level of 0.033, is used as 
discussed previously, and the proportion of resin layer to total volume is chosen as 0.1 as 
this corresponds to an average of widely used composite material systems. 
 
Figure 3-18. Effect of resin normalised grey level on void volume fraction (Vv) 
using the 50% threshold, Vv = 10%, Vf SD = 0.033, pore radius = 100 µm, voxel 
size = 10 µm. 
 
Figure 3-19. Effect of the resin layer on void volume fraction using the Otsu 
threshold, Vv = 10%, Vf SD = 0.033, pore radius = 100 µm, voxel size = 10 µm. 
Both of the thresholds (as shown in Figure 3-18 and Figure 3-19) show significant 
sensitivity to both the resin-only grey level and the scattering noise, both of which can 
act to increase the voxels that masquerade as pores, to the left of the threshold. In fact, 
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the Otsu threshold failed to perform at a resin-only normalised grey value of 0.6 for any 
noise level (see Figure 3-19), whilst the 50% threshold functioned well at a resin 
normalised grey value of 0.6 for scattering noise levels below 0.05. Both thresholds 
performed well (bias less than 5%) for scattering-noise standard deviations below 0.15 
(around the largest normally seen) at a resin-only normalised grey level of 0.8 (relative 
to composite at 1 and air at 0), as used in the rest of this paper as a default. 
3.4.3.2 Thickness of the resin layers 
Another potentially significant parameter is the thickness of the inter-ply resin layer as a 
proportion of the ply spacing, as this will change the height of the resin peak in the 
histogram relative to the composite peak and a higher resin peak will have more voxels 
masquerading as pore voxels to the left of the threshold. The resin-layer thickness may 
vary for different types of fibre-resin systems, particularly with particle-toughened resin 
layers, which tend to be thicker – up to 25% of the ply spacing. This variation in the 
relative height of the resin peak may affect porosity measurement during CT-image 
segmentation if the resin peak overlaps the 50% threshold.  
The results in Figure 3-20a show a high sensitivity of both thresholds to resin-layer 
thickness at a resin grey value of 0.6. More acceptable behaviour can be seen for the resin 
grey value of 0.8, providing a maximum error of less than 1% and 2.5 % for Otsu and 





Figure 3-20. Effect of resin-layer thickness (as a proportion of ply spacing) on 
measured/actual void volume fraction (Vv), for different resin grey levels, for (a) 
50% threshold and (b) Otsu threshold, Vv = 10%, Vf  SD = 0.033, pore radius = 
100 µm, voxel size = 10 µm, scattering noise = 0.1. 
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3.5 An adaptive threshold  
The 50% threshold shows very good results for void measurement in most cases but does 
not perform well in situations where the resin peak encroaches upon the 50% threshold 
because either the histogram has three distinctive peaks or the noise level (scattering 
and/or structural) is high. In these cases, the threshold needs to be reduced below 50%, 
otherwise it will overestimate the void fraction and the segmentation of each void will 
incorrectly determine void size. The problem is how to determine what threshold will 
minimise the error. As explained above, the crucial factors are how much the lower part 
of the resin peak overlaps the 50% threshold and how much of the histogram in that 
overlap is genuinely air. This overlap is characterised by two parameters – the relative 
height of the overlap and its positive slope. 
The adaptive algorithm that is proposed to determine the appropriate threshold, or the 
50% threshold if this is appropriate, involves the following steps  (Figure 3-21): 
• The grey-level histogram should be smoothed to remove local minima due to 
noise, using a moving average, the width of which depends on the noise structure 
of the histogram (as opposed to the scattering noise in the CT scan which just 
spreads the peaks).  
• The air peak, (gair, fair), is determined from the smoothed histogram where g is the 
grey level and f is the frequency of voxels in the histogram at that grey level. 
• The first minimum, (gmin, fmin) above the air peak is identified. 
• The greater of fair/2 and fmin is used as the frequency threshold, fthreshold.  
• The algorithm then searches upwards from gmin for the next positive-going 
crossing of fthreshold. This grey-level value is the proposed threshold, gthreshold. 
• Use as the threshold the least of gthreshold and 0.5.   
Figure 3-22 shows the effect of the resin-peak overlap, varied by changing the scattering-
noise standard deviation, on void segmentation using both the 50% and proposed 
adaptive thresholds. The new adaptive threshold is equivalent to the 50% threshold up to 
a scattering noise level of 0.125. An increase of the scattering noise beyond this level 
causes the error of the 50% threshold to increase and deviate from the proposed threshold. 
As a result, once the resin histogram overlaps the grey value of 0.5 (indicated in this case 
by a scattering noise level greater than 0.1 for resin grey values of 0.6 and 0.7 and a 
scattering noise level of 0.125 for resin grey values of 0.8 and 0.9), estimation of the void 
volume fraction is improved by adopting the new adaptive threshold. The maximum error 
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in Vv with the proposed adaptive threshold is less than 10%, whilst the 50% threshold 
shows significantly higher errors 
  
Figure 3-21. Graphical explanation of the adaptive threshold selection based on 
the algorithm defined in the text. The horizontal blue line is at fthreshold and the 
vertical blue line is at gthreshold. 
Figure 3-23 shows the effect of adjusting the amount of overlap of the 50% threshold by 
changing the resin-layer thickness, and thus the proportion of resin by volume. In 
comparison with the 50% threshold, the adaptive threshold works very well with thick 
resin layers. Its application reduces the maximum error to 3.5%. There is no observed 
detrimental effect from using the adaptive threshold for any of the tested ranges of noise 
level, resin grey level or resin-layer thickness. 
  
(a) (b) 
Figure 3-22. Effect of scattering noise, for different resin grey levels, on void 
volume fraction using (a) 50% threshold; (b) new adaptive threshold. Vv = 10%, 
Vf SD = 0.033, pore radius = 100 µm, voxel size = 10 µm. 
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(a) (b) 
Figure 3-23. Effect of resin-layer thickness (as a proportion of ply spacing), for 
different resin grey levels, on measurement of void volume fraction for (a) 50% 
threshold; (b) new adaptive threshold Vv = 10% , Vf SD = 0.033, pore radius = 
100 µm, voxel size = 10 µm. 
3.6 Concluding Remarks 
Using X-ray computed tomography alongside simple and accurate image segmentation 
methods allows the detection and measurement of critical void defects (i.e. the void 
location, shape, and size). This information is essential for the understanding and 
assessment of the effect of defects on the composite structural performance. However, 
until now there has been a lack of understanding of the systematic effects of the choice 
of segmentation threshold level when characterising porosity. This chapter has used a 
simple model to simulate the CT response to porosity in order to be certain of the ‘true’ 
value of void volume fraction, allowing a full parametric study to be performed. 
A common CT-segmentation thresholding method (50% threshold), based on the 
assumption that a voxel should count as a pore-voxel if more than half of its volume is 
air, otherwise it is not counted as a pore, has been shown to be more accurate than other 
methods in all but a few situations. The accuracy of this 50% threshold method has been 
demonstrated for a range of properties: material (resin-layer grey level and thickness), 
porosity (pore radius and void volume fraction) and CT (scattering noise and voxel size). 
Smaller pores relative to the voxel size are underestimated in size by this method (as by 
most thresholds) due to the curvature of the pore edge. Noise, either scattering 
(incoherent) or structural (coherent), causes overestimation of pore sizes, particularly 
when the resin attenuation is low compared with the composite, such as with glass fibre 
reinforced polymers. 
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The application of the 50% threshold on unidirectional carbon/epoxy samples, containing 
porosity, demonstrated excellent correlation to the microscopic measurements, both 
qualitatively and quantitatively. Comparison of the 50% threshold to the other thresholds 
showed the 50% threshold performed better in most cases, such as with composites that 
have thin resin layers, carbon/epoxy composites with a resin peak grey level of 
approximately 0.8, and for images with low-to-medium scattering noise. 
In some situations, for instance in the presence of a high level of scattering noise and/or 
a low grey value of the resin peak, the threshold needs to be set to a lower value to reduce 
the overestimation of porosity due to resin voxels masquerading as pores because they 
are below the 50% threshold. To address this issue, a new adaptive algorithm has been 
proposed to find an appropriate threshold. This algorithm has been demonstrated using 
simulations to have significantly improved porosity measurement capabilities and 
reduced bias in the measurements.  
All of the carbon/epoxy composites investigated in this work showed ‘two-peak 
histograms’, and so the 50% threshold was used as the primary tool to identify void sizes 
and shapes from the CT-images. However, in case of other material systems (e.g. glass 
fibre and epoxy resins), it is advisable to use the adaptive threshold as the materials give 
a ‘three-peak histogram’ due to their different linear attenuation coefficients. 
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4 EFFECT OF THE 
MANUFACTURING PROCESS 
ON VOIDS IN COMPOSITE 
LAMINATES 
To investigate and evaluate the effect of void features on the mechanical performance in 
composite materials, it is important to be able to manufacture samples with a range of 
controlled void content. A typical criterion of less than 2% of porosity is acceptable for 
industry. However, it is important to investigate the range of the void contents, as voids 
are typically unevenly distributed in composite parts, and so there is likely to the be a 
local void higher than 2% in some sections of the structures. In this Chapter, a novel 
manufacturing process will be introduced that allows panels with a range of void contents 
to be manufactured in a controlled manner, whilst achieving a uniform porosity 
distribution  
This involved investigating the manufacturing parameters, such as time, pressure and 
temperature, that are most likely to affect the manner in which the voids are formed in a 
particular specimen, and as a result control the void content and morphology of the voids 
in that specimen.  
It will also be shown that the specific material system and lay-up of the sample also alters 
the void morphology, and therefore influences the required manufacturing process. A 
review of the literature has shown that voids mostly influence the matrix- dominated 
properties. Since the majority of voids are located between the plies, in the interface, a 
dominant effect on the interlaminar shear strength (ILSS) can be expected. Poor ILSS 
leads to through-thickness failure, which is the major concern for composite structures. 
Hence, in this work this material property is selected for further investigation. 
Furthermore, the test method that allows the ILSS to be calculated is the Short Beam 
Shear (SBS) Test. This test requires small samples, the length and width of each are based 
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on the selected laminate thickness. These small samples are ideal for achieving good scan 
resolutions when characterising the voids by X-Ray CT.  
4.1 Materials and specimen preparation 
Two carbon/epoxy toughened prepreg systems, developed by Hexcel, were investigated: 
• HexPly® IM7/8552, with a nominal cured ply thickness (CPT) of 0.125 mm; and  
• HexPly® IMA/M21 with a CPT of 0.184 mm.  
In the IM7/8552 carbon fibre/epoxy system a thermoplastic toughening phase is 
dispersed within the plies throughout the bulk of the resin, whilst in the IMA/M21 carbon 
fibre/epoxy system an extra layer of thermoplastic particles are dispersed as a distinct 
‘interlayer’ between the plies. 
There are two types of voids that can be observed in laminates: 
• intra-ply voids, which are located within plies; and 
• inter-ply voids, which appear between plies.  
Both types of voids can be inadvertently introduced into composites due to inadequacies 
in the manufacturing process; furthermore, the particular lay-up is also expected to affect 
the development of inter-ply voids due to the different interface between the plies. 
The challenge in this work was to manufacture samples with bespoke void contents so 
that their effects can be better understood. In real world structures multi-directional 
layups are used, and so it would not be appropriate to only investigate unidirectional 
materials. Initially the simplest form of a multi-directional lay-up was chosen, a cross ply 
lay-up, as it is expected this will encourage the development of inter-ply voids due to the 
maximum difference in orientation of adjacent plies. The manufacturing process for 
IM7/8552 panels is described in Section 4.2 and the manufacturing process for 
IMA/M21panels is described in Section 4.3. 
Each panel of IM7/8552 consisted of 19 plies in a symmetric cross-plied layup; whilst 
for IMA/M21 the total number of plies was 11. The number of plies was selected to 
ensure a similar thickness for both material systems. Some investigations prior to this 
work were undertaken in order to obtain the optimal lay-up. It showed that having two 
90° plies in the midplane (i.e. total 20 plies for IM7/8552 and 12 plies for IMA/M21) 
leads to a shear crack initiating first in these 90° plies. Thus, by reducing number of 90° 
plies in the midplane, this type of failure can be eliminated and make the lay-up more 
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suitable for investigating the effect of voids on failure behaviour. The plies were cut to a 
size of 120 mm by 120 mm. The lay-up was undertaken in a clean room following 
standard lay-up procedures, except that the debulking step (undertaken for 10 minutes at 
room temperature) was undertaken at the end of the lay-up. This deviates slightly from 
the standard procedure of debulking every four plies, although due to the panel being thin 
and flat the effects were shown to be negligible.  
After manufacturing the panels, samples were prepared for short beam shear (SBS) 
testing according to the ASTM standard D2344 [128]. 10 mm wide strips were cut from 
the panels using a water lubricated diamond cutting-wheel. The ASTM standard for short 
beam shear tests dictates that a span-to-thickness value of between 4 and 5 should be 
used, and so a span-to-thickness ratio of ~4.5 was chosen. As the thickness of the strips 
was shown to vary between 2.3 and 2.6 mm, the distance between the two bottom rollers 
(see Figure 5-1) was varied accordingly. To ensure that the samples were longer than the 
distance between the rollers, so that interference effects were reduced, the length of the 
SBS samples was chosen as 20-22 mm.  
It should also be noted that the chosen manufacturing process for this study (as described 
in Section 4.2) is a compaction method that uses heater plates. These heater plates have 
a thermocouple close to the contact surfaces, which leaves a small defect on the 
composite laminates. The samples therefore had to be cut from the material around this 
thermocouple imprint, so as to avoid this surface defect on the samples, and thus the 
number of samples cut from each panel varied between 8 and 16.  
The samples were μCT-scanned prior to testing, which was able to provide a high-
resolution assessment of each sample’s voidage due to their small size. Each scan 
consisted of analysing four stacked specimens simultaneously as the quality of the scans 
depends partly on the aspect ratio of the scanned cross section; individual specimens were 
then be ‘separated’ digitally during post-processing.   
The scanning was undertaken using a NikonTM XTH320 CT-scanner at a source voltage 
of 55 kV and source current of 140 μA, using four images per projection averaged to 
reduce the scattering noise; this achieved a scan resolution (voxel size) of 12.6-13 µm. 
The void content and morphology were visualized and analysed further using post-
processing software VG Studio™ MAX version 2.2 with the porosity analysis plug-in. 
For post-processing, the 50% threshold was used, as discussed in Chapter 3.   
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4.2 Manufacturing process for IM7/8552 
The manufacturing process is based on that developed by Nixon-Pearson et al. [129], in 
which the authors investigated the compaction behaviour of laminates and showed that 
voids were introduced into the laminates prior to compaction, and that no changes in the 
void content were observed for specimens consolidated at room temperature, but that the 
void content decreased with increasing compaction temperature. 
Manufacturing panels with porosity involved a two-step manufacturing process: 
1. Compaction of the samples at a given temperature and pressure 
2. Additional curing in a hot air oven to ensure the laminates were fully cured. 
Compaction of the panels at the chosen temperature and pressure levels was achieved via 
custom made heater plates, that were mounted in an Instron™ testing machine. 
The heater plates were run through a Carrol&Meynell transformer with a maximum 
power of 1.5kVA and controlled by a single-channel Watlow EZ-ZONE PID controller. 
The heater plates were heated up to a given temperature, and then the samples were 
placed between these plates. Afterwards the pressure was applied at a speed of 5N/s up 
to the given value (as shown in Table 4-1). When the pressure reached the selected value, 
samples were held under that pressure for a given time (Table 4-1) and then immediately 
removed from the heater plates and placed in a preheated to 180°C oven for 5 hours to 
complete the cure.  The set-up of the experiment is shown in Figure 4-1. 
 
Figure 4-1. Experimental set-up for manufacturing panels with controlled void 
content. 
Several process parameters were varied to investigate their influence on the void content: 
(i) temperature of the heater plate; (ii) consolidation pressure; and (iii) time of pressure 
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hold. Combinations of these variables were tested in order to provide samples having a 
range of void contents, as shown in Table 4-1. 
Table 4-1. Manufacturing process of the IM7/8552 laminates. 















Batch 1  30 0.3 15 1 180 5 
Batch 2 90 0.3 15 1 180 5 
Batch 3 120 0.3 15 1 180 5 
Batch 4 90 0.3 15 10 180 5 
Batch 5 90 0.3 15 30 180 5 
Batch 6 90 0.6 30 10 180 5 
Batch 7 120 0.3 15 10 180 5 
Batch 8 120 0.6 30 10 180 5 
Batch 9 Reference – Autoclave curing (see Figure 4-2) 
 
 
Figure 4-2. Autoclave cure cycle for IM7/8552 panels, as recommended by the 
manufacturer [130]. 
By changing the process parameters, it was possible to vary the average void content, as 
shown in Figure 4-3. Note, that the average void content for the reference batch (Batch 9) 
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is 0%. Detailed information about the data used to plot Figure 4-3 is provided in 
Appendix 1, Table 1. The influence of these process variables on porosity is described in 
the following sub-sections. 
 
Figure 4-3. Average void content in different batches IM7/8552. 
4.2.1 Effect of the heater plate temperature 
It can be expected that the temperature of compaction will affect the average void content 
of samples due to the decreasing viscosity of the resin at higher temperatures, and 
therefore increasing resin flow. The effect can be most easily investigated by looking at 
batches 1, 2 and 3 in which all other variables are constant (see Table 4-1). These panels 
were exposed to the chosen temperature for approximately 16 minutes, consisting of 
increasing the pressure to the desired pressure of 3 MPa (15 minutes) and holding the 
pressure (1 minute). 
Figure 4-4 shows that the ‘cold’ consolidation at 30°C leads to extensive voidage in the 
panels (around 7%). Increasing of the temperature of the heater plates to 120°C decreases 
the average void content down to around 4%.  
As previously mentioned, this is due to the viscosity of the 8552 resin decreasing at higher 
temperatures, thereby causing it to flow more easily (see the viscosity plot of Figure 4-5, 
taken from the Hexcel datasheet [130]). It can be suggested that this flow helps any 
trapped air to escape, hence the voidage in samples to reduce.  
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However, there is still a high level of porosity in all samples, even those samples that 
have been consolidated at 120°C. This can be explained by the low compaction pressure 
and time of consolidation at the chosen temperature.  
 
Figure 4-4. Effect of the compaction temperature on average void content. 
 
Figure 4-5. Rheology of 8552 resin [130]. 
4.2.2 Effect of the consolidation time on average void content 
The second parameter of the compaction process that has been investigated is the hold 
time. As seen in Section 4.2.1, the temperature of the heater plates has a significant effect 
on the average void content. However, the hold time for those batches was only one 
minute, which is thought to be insufficient to allow air to escape. By increasing the 
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pressure hold time, it was thought that the average void content in the panels would be 
decreased.  
Three panels (batch 2, 4, and 5 – with reference to Table 4-1) were manufactured using 
the same compaction temperature (90°C) and pressure (0.3 MPa); however, they have 
been compacted at this pressure for different periods – 1 minute, 10 minutes and 
30 minutes (Figure 4-6a). It is observed that increasing the time of compaction up to ten 
minutes reduced the average void content by about 40%. However, further consolidation 
for 30 minutes did not further affect porosity in the panels, which stayed constant at 3.8%. 
It can be surmised that for these process parameters (i.e. T = 90°C and P = 0.3 MPa) resin 
flow occurs, which allows trapped air to be squeezed out of the composite panels. At this 
point a steady-state is reached at which the void content is at equilibrium for the given 
temperature and pressure profile on the panel. The same behaviour was observed for the 
panel compacted at 120°C (Figure 4-6b), which achieved a void content reduction of 40% 
by increasing the time of compaction from 1 minute to 10 minutes. 
 
(a) T = 90°C 
 
(b) T = 120°C 
Figure 4-6. Effect of 0.3 MPa pressure hold time on average void content at: 
(a) 90°C and (b) 120°C. 
4.2.3 Effect of the compaction pressure on average void content 
The pressure of the compaction process is another significant process parameter that is 
likely to affect the porosity in composite panels. In this work, in order to introduce voids 
into the laminates and ‘lock’ them within the panels, a lower pressure than the 0.7 MPa 
recommended by the manufacturer for autoclave curing was applied, and only on the first 
step of compaction (not for instance during subsequent curing). 
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To compare the effect of pressure levels on the average void content, two pressure values 
– 0.3 MPa and 0.6 MPa – were investigated.  
As expected, with an increase of pressure the average void content decreases, so that for 
panels that had been compacted at 90°C (Figure 4-7a) a reduction of 12% in the void 
content is achieved. This decrease in void content is more pronounced at higher 
temperature, for example Figure 4-7b shows that at a temperature of 120°C porosity 
reduces by 30% (when comparing samples compacted at 0.3MPa and 0.6MPa). This is 
due to the higher resin flow caused by the lower viscosity at elevated temperatures (see 
Figure 4-5).  
 
(a) T = 90°C 
 
(b) T = 120°C 
Figure 4-7. Effect of the pressure on the average void content during compaction 
at: (a) 90°C and (b) 120°C. (Time of pressure hold is 10 minutes). 
4.2.4 Curing in the oven 
Following compaction, an important stage of the manufacturing process is oven curing 
the panels in order to produce samples that are fully cured. In [129], the authors reported 
that the internal architecture of consolidated panels could be ‘frozen’ by oven curing at 
100°C for 12 hours with no applied pressure; this allowed further investigation of the 
void morphology to be undertaken. However, 100°C is insufficient to complete the cross-
linking reactions in the resin and so the panel remains partially cured. 
It can therefore be expected that the temperature of the oven will need to be increased, 
and so an investigation of the effects of curing temperature on the voids in the composite 
panels has been undertaken. The investigation involved taking two sets of compacted 
panels, and exposing one set of panels to 100°C for 17 hours and another set to 180°C 
for 5 hours. 
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The results can be seen in Table 4-2, which showed that the panels that were cured at 
180°C had almost double the volume of voids as the panels cured at 100°C. In Campbell 
et al.[5], it is explained that voids grow if the internal pressure of the void exceeds the 
pressure of the liquid resin. As the viscosity of the resin at 180°C is lower and the void 
gas expansion greater than at 100°C, the voids are able to grow more easily and therefore 
requires a correspondingly larger resin pressure to suppress their growth. Once gelation 
occurs the voids are ‘locked’ in the sample.  
Table 4-2.Effect of the curing temperature and time on average void content. 
 Average void content, % 
 Curing in the oven at 100°C 
for 17 hours 
Curing in the oven at 180°C 
for 5 hours 
Compaction at 30°C 4.87 (±0.68) 7.1 (±0.45) 
Compaction at 90°C 1.82 (±0.36) 5.99 (±0.64) 
For the sake of clarity, samples cured at 100°C exhibited very low degree of cure (46-
51%), as confirmed by differential scanning calorimetry (DSC). They were thus were not 
used in any further testing. Samples that were cured in the oven at 180°C for 5 hours 
showed 84-89% of cure degree. This time and temperature are recommended in the 
manufacturer’s datasheet in order to achieve the correct cure degree. 
4.3 Manufacturing of IMA/M21 panels 
The manufacturing process used to introduce voids in the IM7/8552 panels was also used 
to introduce voids in the IMA/M21 panels, however the resultant panels possessed an 
extremely high void content (30-35%). As a result of the toughening particles, the surface 
of the IMA/M21 prepreg is rougher and less tacky than the IM7/8552, and therefore 
appears to have increased the amount of air entrapped during the layup process. 
Furthermore, during the oven cure, the void pressure increases as the temperature rises, 
which leads to further void formation and expansion. This effect is not counteracted as 
there is no pressure applied during oven curing to reduce the void content by collapsing 
the voids. To mitigate this problem, a vacuum pressure was applied during the oven cure, 
which reduces the average void content within the samples to a level comparable to the 
upper end of the IM7/8552 panels’ void content (i.e. 8-11%). 
Different batches were manufactured, as shown in Table 4-3, with each batch varying the 
temperature of the heater plates, the consolidation pressure, and the hold time. All the 
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panels were subsequently cured in the oven at 180°C for 3 hours to ensure the laminates 
were fully cured. 
The average void content for each batch of the IMA/M21 laminates is shown in Figure 
4-9.Note, that the average void content for the reference batch is 0%. Detailed 
information about the data used to plot Figure 4-9 is provided in Appendix 1, Table 2. 
Even when applying a vacuum pressure to the IMA/M21 panels, the panels still have a 
very high void volume. Furthermore, the variability in void content within the panels is 
also greater for IMA/M21. This can be explained by the presence of the interlayer of 
toughened particles in IMA/M21 that means that a high pressure is required to suppress 
the trapped air that would have otherwise grown into a void once the temperature 
increased.  This is a good example of the influence of material morphology on porosity 
quantity and distribution. 
Table 4-3. Manufacturing process of the IMA/M21 laminates 
 














Batch 1  30 0.3 15 1 180 3 
Batch 2 90 0.3 15 1 180 3 
Batch 3 120 0.3 15 1 180 3 
Batch 4 150 0.3 15 1 180 3 
Batch 5 90 0.3 15 10 180 3 
Batch 6 90 0.3 15 30 180 3 
Batch 7 90 0.6 30 10 180 3 
   Batch 8*1 90 0.3 15 20 180 3 
Batch 9 180 0.3 15 180 No oven was used 
  Batch 10 Reference – Autoclave curing (see Figure 4-8)   
*1 Vacuum was applied during consolidation. *2 Vacuum pressure was applied during 
curing in the oven 
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Figure 4-8. Autoclave cure cycle for M21 resin recommended by manufacturer 
[131]. 
 
Figure 4-9. Average void content in IMA/M21 laminates manufactured using 
different process parameters (see Table 4-3). 
4.3.1 Temperature effect on the average void content in IMA/M21 
laminates 
The 8552 and M21 resins have different viscosity profiles (see Figure 4-5 and Figure 
4-10). A rapid decrease of the viscosity with increasing temperature can be observed for 
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the 8552 resin, however the viscosity of IMA/M21 ‘plateaus’ for temperatures between 
100°C and 160°C.  To take this into account, a further testing temperature of 150°C is 
investigated. 
 
Figure 4-10. Viscosity profile for the M21 resin [131]. 
Figure 4-11 shows the distribution of the void content as the consolidation temperature 
is increased.  At the coldest compaction temperature (i.e. 30°C) a large number of voids 
are introduced into the panels, whereas by increasing the temperature to 90°C the average 
void content is decreased by 18%.  Further elevation of the temperature does not 
significantly affect the porosity. This analysis shows that this material system (i.e. 
IMA/M21) is not as sensitive to the temperature of compaction as IM7/8552. 
 
Figure 4-11. The effect of consolidation temperature on the average void content 
for IMA/M21 laminates. 
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4.3.2 Effect of consolidation time on the average void content for 
IMA/M21 laminates 
As shown in section 4.3.1, the temperature of the heater plates doesn’t lead to a significant 
reduction in the average void content. However, it is expected that the time of pressure 
hold will have a greater effect on void formation.  
To investigate this, three different panels were manufactured using the heater plates, each 
heated up to 90oC and consolidated at a pressure of 0.3 MPa. Once the consolidation 
pressure was reached, the pressure on each panel was held for either 1, 10 or 30 minutes.  
Increasing the time that the pressure was held from 1 minute to 10 minutes was found to 
reduce the void content by 30% (Figure 4-12), however, perhaps surprisingly, further 
increase of the consolidation time to 30 minutes resulted in an increase in the void content 
compared to a consolidation time of 10 minutes. This is potentially explained by the resin 
being given sufficient time to reach the hold temperature (i.e. 90oC) and therefore having 
a lower viscosity (see Figure 4-10). Thus, this is likely to promote void growth unless 
sufficient pressure is applied. 
 
Figure 4-12. Effect of consolidation time on average void content for IMA/M21. 
4.3.3 Pressure effect on the average void content for IMA/M21 
laminates 
The compaction pressure has previously been shown to have a significant effect on the 
average void content of IM7/8552 laminates (section 4.2.3). A similarly significant effect 
could be expected for this material system (i.e. IMA/M21), although due to the 
toughening particles an investigation of its effects is required. Two compaction pressures 
– 0.3 MPa and 0.6 MPa – were compared at a heater plate temperature of 90°C and hold 
time of 10 minutes.  
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The average void content for the respective batches, manufactured using the selected 
compaction pressures, is shown in Figure 4-13.  
 
Figure 4-13. Effect of compaction pressure on the average void content for 
IMA/M21 laminates (average of 12 samples). 
The effect of the pressure on this material system is shown to be different to the 
IM7/8552, in that an increase of the compaction pressure led to an increase in porosity 
within the panels. This is likely due to the increased time required to reach the higher 
compaction pressure of 0.6 MPa (approximately 30 minutes) in comparison to the 
compaction pressure of 0.3 MPa (approximately 15 minutes), and therefore the increased 
time provided to the panel to reach the hold temperature (i.e. 90oC). As also discussed in 
Section 4.3.2, the viscosity of the resin will be lower if the resin is allowed to 
homogeneously reach the prescribed hold temperature, and as a consequence of this 
lower viscosity the void is able to grow larger if sufficient pressure is not applied to 
collapse it [5]. Furthermore, the higher pressure might also close off gas escape channels 
and trap the voids within the laminates. 
4.3.4 Developing the manufacturing method to reduce the void content 
in IMA/M21 panels 
It is clear that there are significant challenges to manufacturing IMA/M21 panels with 
controlled quantities of voids, and that no specific technique has been shown that can 
provide samples with the desired void content. Furthermore, the variation of the void 
content in each sample cut from the cured panels is dependent on its location in the panel, 
in particular showing a slightly lower porosity near the edges of the panels.  
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Some of the factors that result in this variability and unpredictability are discussed by 
Lukaszewicz and Potter [132] who showed that the surface of the IMA/M21 prepreg is 
rough, and that the interply zone doesnot form a continuous layer but is instead highly 
localised into discrete patches. These factors can therefore be expected to contribute to 
inhomogeneities in the void distribution and can furthermore be expected to exacerbate 
if the manufacturing process is sub-optimal. 
In order to manufacture samples with an average void content of below 2% (i.e. 
acceptable by the aerospace industry) an improved compaction method has been 
implemented. 
The improved compaction method comprises maintaining a vacuum pressure on the panel 
from manufacture of the completed uncured lay-up, until the panel is fully cured in the 
oven. This ensures gas initially present in the laminates is drawn out before the air escape 
channels are closed up when the resin viscosity drops.  
The manufacturing process includes firstly, applying a vacuum pressure to the panels 
after lay-up. Keeping the vacuum on, the panel (in the vacuum bag) is placed on the 
heater plates at a compaction pressure of 0.3 MPa (see Figure 4-14) and held for 
20 minutes. The panel then undergoes a final oven cure at 180°C for 3 hours, after which 
the vacuum pressure is released.  
This method decreased the average void content to 5.75% (±0.5%), which is a 14% 
reduction from the lowest value achieved in the manufacturing methods of Sections 4.3.1, 
4.3.2, 4.3.3, but is still far higher than required. 
To further decrease the void content, the pressure applied during manufacture needs to 
be increased above that of vacuum pressure (i.e. 0.1 MPa). This is achieved by curing the 
panels in the heater plates whilst applying a constant pressure of 0.3 MPa.  
The manufacturing process comprised the steps of heating the heater plates up to 90°C, 
applying a pressure of 0.3 MPa (at a ramp rate of 1 N/min), and then subsequently 
increasing the temperature of the heater plates up to 180°C for 3 hours.  
This method allowed fully cured samples with an average void content of 2.46% 
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Figure 4-14. Compaction of IMA/M21 laminates using heater plates with applied 
vacuum pressure. 
4.4 Effect of laminate lay-up on the average void content for 
IM7/8552 
In Section 4.2, the effect of various manufacturing parameters on the void formation of 
IM7/8852 cross-ply laminates was investigated. However, it is well-known that many 
laminates include lay-ups in which the respective plies are oriented at oblique angles (i.e. 
not 90°), yet it is not currently known how void formation will be affected in such a 
laminate and whether this is different to a cross-ply lay-up. 
To investigate these features a new lay-up was selected with the same number of plies as 
the IM7/8552 cross-ply laminates previously investigated (i.e. 19 plies) but having angled 
plies. The following lay-up was chosen: 
[(0, +30,-30)3, 0, (-30, +30, 0)3] 
(Note: this angle lay-up was selected in order to achieve a different failure behaviour 
during SBS tests – as shown in Chapter 5). 
The manufacturing process parameters, shown in Table 4-4, were chosen based on the 
results on cross-ply laminates to attempt to achieve void contents between 2% and 5%. 
After manufacturing, panels were cut to the required SBS test specimen size according 




66   
Table 4-4. Manufacturing process of the IM7/8552 laminates with angled lay-up. 













Batch 1  90 0.6 30 10 180 5 
Batch 2 120 0.3 15 1 180 5 
Batch 3 120 0.3 15 10 180 5 
Batch 4 120 0.6 30 10 180 5 
Batch 5 Reference – Autoclave curing (see Figure 4-2 ) 
Figure 4-15 shows the effect of the manufacturing parameters on the average void content 
for the angled ply lay-up, and a comparison with the void content for the cross-ply 
samples produced using the equivalent manufacturing process.  
These results indicate that there is no significant effect of the temperature of the heater 
plates on the void content for the angle ply lay-up, i.e. when comparing batch 1 and batch 
4, however this contrasts with the behaviour observed for cross-ply laminates in which 
an increase in temperature led to a reduction of the void content. Furthermore, the hold 
time did not show any significant effect on the porosity content, i.e. when comparing 
batch 2 and batch 3.  
In contrast, the compaction pressure level is shown to have a significant effect on the 
void content for the angle ply lay-up composites (i.e. batch 3 and batch 4), showing a 
37% reduction in the average void content when increasing pressure from 0.3 MPa to 
0.6 MPa.  
Whilst differences between the average void contents of the cross-ply and angle ply 
laminates were observed, the relatively limited parametric study revealed no obvious 
pattern between the manufacturing processes of the two lay-ups.  
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Figure 4-15. Comparison of the average void contents between two lay-ups: angle 
ply ([(0, +30,-30)3, 0, (-30, +30, 0)3]) and cross ply ([(0,90)4,0,90,0,(90,0)4]), with 
reference to batch numbers presented in Table 4-4 for both lay-ups. 
4.5 Effect of material system and lay-up on the void 
morphology 
Different types of materials, different stacking sequences, and different processing 
parameters are likely to affect the distribution, location, shape and size of voids 
developed during manufacturing. Furthermore, two types of voids can be found in 
composites: intra-ply voids, that are located within the plies of the laminates, and inter-
ply voids, that are located at the interface in between the plies.  
For both material systems – IM7/8552 and IMA/M21 – and for both lay-ups (cross-ply 
and angle ply), intra-ply voids are needle-like in shape and elongated in the direction of 
the fibres they are located within (i.e. in the 0°, 90°, +30° or −30° directions), and have 
a non-uniform distribution through the thickness of the laminate.  
However, inter-ply voids show different characteristics for each material system and lay-
up. For IM7/8552 cross-ply they have the same shape as intra-ply voids, i.e. elongated in 
the direction of the fibres of one of its adjacent plies, whereas the interply voids of the 
IM7/8552 angle ply samples are elongated but have a curved shape that combines the 
path of both angled plies at the interface, e.g. the void follows lay-up changes from 0° to 
+30° or 0° to −30°. Inter-ply voids in IMA/M21 are completely different to those seen in 
the IM7/8552 laminates, as they tended to be more circular, disc-like shaped, and are 
likely influenced by the pattern of the thermoplastic particles that are located at the 
interface.  
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Figure 4-16. CT-image of the cross-ply IM7/8552 sample showing elongated 





Figure 4-17. CT-image of the angle-ply IM7/8552 sample showing straight intraply 
and curved interply voids, elongated in the fibre direction. 
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Figure 4-18. CT-image of the cross-ply IMA/M21 sample showing intraply and 
interply voids with different shapes. 
  
4.6 Concluding Remarks 
In this Chapter, it was shown that it is possible to produce samples that can be used to 
investigate the effect of voids on mechanical properties. In doing so, it has been shown 
that the void content and void morphology are significantly affected by a number of 
factors, such as the material system, laminate lay-up, and manufacturing conditions. 
A new manufacturing technique has been introduced that is able to manufacture 
composite samples containing voids. Although it is not possible to produce samples with 
uniform void distribution using this method, it is possible to obtain samples with different 
void contents and different void sizes by varying different manufacturing parameters. 
Three different manufacturing parameters were varied in this research: temperature of 
the heater plates, the applied pressure, and the hold time of pressure.  
All of three parameters have been shown to have a significant effect on the average void 
content for IM7/8552 cross-ply samples. For instance, it has been shown that with an 
increase of the temperature of the heater plates from 30°C to 120°C, the average void 
content decreased from ~7% to ~4%. This is presumably due to the increased resin flow 
of the samples, which could potentially help entrapped air to flow through the resin and 
escape. Although the increase of temperature decreased the void content in the samples, 
it did not eliminate voids completely from the laminates. This may be due to insufficient 
‘hold time’ of the applied pressure or insufficient pressure applied to the specimen. It has 
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been shown that by increasing the compaction hold time a further decrease in the average 
void content is achieved. However, it was shown that for hold times above 10 minutes, 
there were no appreciable benefits. This is potentially due to the temperature of the 
specimen having reached an equilibrium temperature by 10 minutes, such that no further 
processes occur, and the voids are ‘frozen’ in position. Increasing the compaction 
pressure also decreased the average void content. However, a combination of all three 
parameters reduced the average void content most significantly.  
The presence of toughened particles in IMA/M21 prepreg samples has been shown to 
greatly affect both the development of voids and the morphology of voids within the 
samples, such that the void content is greater and variability of void content within each 
panel is increased in comparison with IM7/8552 laminates. It was necessary to apply a 
vacuum pressure during oven curing in order to counter the increased porosity; otherwise 
the average void content was far too high (30-35%), although the void content was still 
found to be quite high (~7-12%). The effect of varying the manufacturing parameters was 
minimal in comparison to that observed in IM7/8552 processing, although some 
reduction in the void content was observed when increasing the hold time from 1 minute 
to 10 minutes. However negative effects (i.e. increasing void contents) were observed at 
longer hold times and higher compaction pressures, and this is thought to be due to 
viscosity effects in the samples. For instance, the longer hold time of 30 mins provides 
more time for the temperature to reach the compaction temperature, and thus decrease 
the viscosity and cause the voids to grow (in the absence of sufficient pressure to 
counteract their growth). Even when increasing the compaction pressure (from 0.3 MPa 
to 0.6 MPa) the void content was shown to increase, and this is again suspected to be due 
to changes in the viscosity, specifically it is thought to be due to the slow application of 
the load (5N/s) and the increased time for the sample with the compaction pressure of 0.6 
MPa to reach the temperature equilibrium point compared to the sample at 0.3 MPa. To 
decrease the void content to ~2%, a compaction pressure of 0.3 MPa was applied 
throughout the consolidation and cure process, such that the laminate was cured in the 
heater plates at 0.3 MPa rather than in an oven at vacuum pressure (i.e. 0.1 MPa). 
In the case of angled plies of IM7/8552, it has been shown that the dependence of the 
average void content on manufacturing parameters is different to the cross-ply laminates 
investigated in Section 4.2. In particular, the compaction pressure was found to be the 
most critical parameter for the angle-ply composites, whilst the temperature of the heater 
plates and the hold time did not significantly affect the porosity in these composite panels.  
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In terms of the morphology, μCT-scanning of the samples has shown that, whilst intra-
ply voids (voids that are located within the plies) are elongated in the direction of the 
fibres and are mostly unaffected by the particular material system and laminate lay-up, 
the inter-ply voids (voids that are located in the interface between plies) dependent 
strongly on the particular material system and laminate lay-up. IMA/M21 cross ply 
interply voids appear to be circular (coin-like shaped), whilst IM7/8552 cross-ply voids 
are needle-like shaped and follow the fibre direction of the one of the adjacent plies. 
Interply voids of the IM7/8552 angle ply samples are elongated but have a curved shape 
that combines the path of both angled plies at the interface. 
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5 STATISTICAL ANALYSIS OF 
THE EFFECT OF VOID 
FEATURES ON COMPOSITE 
STRENGTH.  
In this Chapter, an investigation of the effect of voids on composite mechanical 
performance has been undertaken using the samples manufactured in Chapter 4. As 
discussed previously in Chapter 4 and the literature review (Chapter 2), voids mostly 
influence of the matrix- dominated properties and, being located between the plies, at the 
interface, a dominant effect on the ILSS or Short Beam Shear (SBS) strength can be 
expected. Thus, the work in this Chapter is focused on this material property. It is 
expected that the size, morphology, and location of each of the voids within each sample 
will contribute to reducing the SBS strength, whilst the distribution of the voids within 
each sample is also expected to influence the failure behaviour.  
A detailed investigation of the void features that affect SBS strength will be shown, 
indicating the void characteristics most critical to the failure behaviour. 
5.1 Test method description 
The Short Beam Shear (SBS) test consists of a three-point bending test on a specimen of 
small span to thickness ratio, and is arranged according to ASTM D2344 [128]. 
The SBS testing rig consisted of a cylindrical loading roller of 6 mm diameter suspended 
above a composite specimen having a span-to-thickness ratio of ~4.5, and two cylindrical 
support rollers of 3 mm diameter beneath the specimen (as shown in Figure 5-1). The 
width of the samples was chosen as 10 mm. The length of the samples was chosen 
between 20 mm and 22 mm so that a span-to-thickness ratio of ~4.5 could be achieved 
with additional material either side of the rollers. 
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Figure 5-1. Schematic diagram of loading in a SBS test according to ASTM D2344. 
The SBS rig was installed on a Shimadzu testing machine equipped with a 10 kN load 
cell configured to load the specimen at a crosshead speed of 0.5 mm·min-1 until a load 
drop-off of 30% was observed. The short beam shear strength of the composite was then 









where 𝑃max is the maximum load obtained during the test, and w  and t  are the specimen 
width and thickness, respectively. 
5.2 Description of failure modes 
5.2.1 Failure modes for cross-ply laminates of IM7/8552 and IMA/M21 
Batches were manufactured using different process parameters, such as compaction 
temperature, pressure and hold time, in order to achieve panels with different void 
contents (see Table 4-1 and Table 4-3 in Chapter 4). Eight to sixteen samples of each 
batch were tested using the SBS configuration after undergoing X-ray CT-scanning. 
All of the samples, for both material systems, failed via multiple matrix cracks followed 
by delamination Figure 5-2, as confirmed by the small load drop in the recorded load-
displacement curves  Figure 5-3 and Figure 5-4and the audible cracking noise during 
each test. The matrix cracking occurs due to thermal residual stresses and low mechanical 
properties in the transverse direction. However, it was observed that the IMA/M21 
samples with higher void content displayed plastic-like behaviour (Figure 5-4) as 
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opposed to the sudden failure displayed by all of the IM7/8552 samples (Figure 5-3) and 
by the reference samples of IMA/M21. 
 
 
Figure 5-2. SBS test of the (a) IM7/8552 and (b) IMA/M21 samples, showing 
failure through multiple cracks. Note: the bottom rollers are attached to the 





Figure 5-3. Load-displacement graphs for the SBS tests for the IM7/8552 samples 
(a) reference sample; (b) Batch 2, sample No. 5, average void volume 
(Vv) = 5.38%. 
 





Figure 5-4. Load-displacement graphs for the SBS tests for the IMA/M21 samples. 
(a) reference sample; (b) Batch 3, sample No. 1, average void volume 
(Vv) = 8.05%. 
The failure mode observed in cross ply laminates is different to the more commonly 
presented SBS tests on unidirectional laminates, which fail via delamination. As a result, 
the value of strength obtained in the reference samples is lower than the reported 
interlaminar shear strength (ILSS) for the same materials, and therefore cannot be 
referred as ILSS, and so is instead referred to as short beam shear strength (SBSS) 
through this work. 
The failure mode is not only affected by the laminate stacking sequence, but also the 
presence of voids, which influence both the failure initiation and crack propagation. 
Tested samples were characterised by SEM, as shown in Figure 5-5. These images show 
how voids promote the development of many individual cracks within the material, and 
that the propagation of these cracks can involve redirection due to the voids. Furthermore, 
there is some evidence that the shape of the voids may influence the initiation and 
propagation of cracks. For example, voids of triangular cross-section appear to show 
cracks at the vertices, due to the radius of curvature being smaller and the resultant stress 
concentration being higher. 
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Figure 5-5. Scanning electron micrograph (SEM) of tested IM7/8552 samples with 
4.35% void level, showing cracks emanating from (or propagating through) voids. 
5.2.2 Failure modes for angle-ply laminates of IM7/8552 
A different failure mode was observed for IM7/8552 angle-ply samples in comparison 
with cross-ply laminates. Specifically, the angle-ply samples failed via delamination first, 
at the +30/-30 interface, followed by matrix cracking (see Figure 5-6). This failure 
behaviour is contrary to that observed in the cross-ply laminates, which initially failed 
via multiple matrix cracking followed by delamination (see the discussion in Section 5.2). 
5.3 Assessment of the critical void features 
5.3.1 Effect of the average void content on SBS strength 
As expected, the SBS strength decreases with an increasing average void content for both 
material systems, as shown in Figure 5-7 and Figure 5-8.  The results show a linear 
correlation between the average void content and SBS strength, with coefficients of 
correlation of 0.9384 and 0.9274 for IM7/8552 and IMA/M21, respectively. However, 
significant scatter is observed in the fitting of the linear correlation. In fact, some of the 
samples with different void contents were found to have the same SBS strength, and 
conversely samples with the same void content failed at different SBS strength levels. To 
assess the reasons behind these observations, an analysis of the void features that affect 









(a) Prior to the test 
 
 
(b) During the test 
 
 
(c) After the test 
Figure 5-6. Short beam shear (SBS) test of an angle-ply IM7/8552 sample showing 
initiation of delamination (recorded in the middle of the test) with further 
propagation of matrix cracks. 
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Figure 5-7. Reduction of SBSS with increasing of void content for IM7/8552 
samples. Note, the reference value was taken as the average of 16 samples, 
SBS = 81.78 MPa (SD=4.92) .  
 
Figure 5-8. Reduction of SBSS with increasing of void volume fraction for 
IMA/M21 samples. Note, the reference value was taken as the average of 16 
samples, SBS = 68.20 MPa (SD=2.52). 
The relationship between average void content and SBS strength for the angle-ply lay-up 
displays the typical linear trend, such that a higher void content generally results in a 
lower SBS strength (Figure 5-9). However, there is significantly more scatter than that 
observed in the equivalent IM7/8552 cross-ply samples, shown in Figure 5-7.  
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Figure 5-9. Reduction of SBS strength with increasing of average void content for 
angle-ply IM7/8552. Note, the reference value was taken as the average of 16 
samples, SBS = 95.77 MPa (SD=7.7). 
The cause of this scatter is likely due, at least in part, to the complex shape of the voids 
in the angle-ply laminates. In both the IM7/8552 cross-ply samples and angle-ply 
laminates the voids tend to be elongated in the fibre direction of the adjacent plies, and 
therefore the angle-ply are elongated in one of three directions (i.e. 0°, +30° or −30°). 
However, the interply voids of the angle-ply samples are further complicated in that they 
have a curved shape that combines the path of both adjacent plies at the interface (Figure 
5-10). 
 
Figure 5-10. CT image of the angle ply IM7/8552 sample showing the shape of the 
voids. 
The result of this is likely to have contributed to the observed scatter in the results, and 
in fact is likely to be a contributing factor in the failure behaviour that differs from that 
observed for the IM7/8552 cross-ply laminates. 
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Several angle ply laminates were tested in order to provide some initial insight into the 
effect of different lay-ups on the SBS strength and to provide an assessment of the 
different void shapes, how these differ from the voids produced in the cross-ply 
laminates, and to evaluate how these voids affected the failure.  
The remaining sections of this chapter will show statistical analysis of key features of the 
voids in the samples in order to find ways of improving the correlation to the SBSS. 
However, due to the significant scatter in the angle-ply laminate results, only the void 
features of the cross-ply laminates will be investigated.  
5.3.2 Analysis of void shape 
The reduction of the mechanical properties of a laminate with voids depends on the 
detailed features of each individual void, and the mutual interaction of those voids with 
the laminate. These features can be divided into three categories, (i) void size, (ii) void 
shape, and (iii) void location. Void size can be characterised by volume, diameter or 
length in a particular direction. Void shape can be represented by aspect ratio, 
compactness or sphericity. The critical locations for voids were assumed to be the regions 
of maximum stress within the samples, where failure is most likely to occur. 
5.3.2.1 Void shape for IM7/8552 samples 
In IM7/8552 samples with low void content (e.g. less than 5%) the voids are generally 
constrained to a single plane, and even the largest voids do not significantly cross 
between ply layers (Figure 5-11a). However, Figure 5-11b shows that within the cross-
section of this plane the voids form a network of interconnected needle-shaped voids. 
Note that VG Studio will consider voids as interconnected even if one voxel bridges 
between the voids, although it is unclear if these voids will behave as one larger 
interconnected void.  
However, when the average void content increases in the IM7/8552 samples (e.g. above 
~5%), the void networks expand and bridge between adjacent plies, as shown in Figure 
5-12a. As a result, for IM7/8552 samples, the largest void, as identified by the VG Studio 
post-processing software, is actually a network of multiple voids connecting to each 
other, as evidenced by the CT-images in Figure 5-12a and Figure 5-12b. 
This demonstrates the complex shape of the voids on IM7/8552 samples, especially with 
increase of the average void content.  
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(a) 3D front view 
       
(b) Top view through large void (red colour) 
Figure 5-11. A CT-image of the sample of IM7/8552 (Vv = 2.38%), (a) showing the 
front view with position of the largest voids; (b) cross-section (length-width plane), 
showing the joining of individual needle-like voids to form a single large void 
between 0° and 90° plies. 
 
(a) 3D front view 
       
(b) Top view through largest void (red colour) 
Figure 5-12. A CT-image of the sample of IM7/8552 (Vv = 7.89%), (a) showing the 
merging of voids through the thickness into one large void (total volume 
17.12 mm3); (b) Cross-section (length-width plane), showing the joining of 
individual needle-like voids to form a single large void between 0° and 90° plies. 
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5.3.2.2 Void shape for IMA/M21 samples 
IMA/M21 samples have been shown to have different void shapes (see Chapter 4), and 
in particular it has been shown that the majority of the voids are located within the 
interface. As was observed for IM7/8552 at high void contents, some of the IMA/M21 
samples with higher void content (e.g. more than ~5.5%) also showed merging of the 
voids through the thickness (Figure 5-13a), however most of them do not merge 
significantly in-plane (Figure 5-13b), and as a result the maximum void size reported by 
VG Studio MAX is significantly lower than found in IM7/8552 samples.  
 
(a) 3D front view 
         
(b) Top view through the largest void (red colour) 
Figure 5-13. A CT-image of IMA/M21 sample with Vv = 10.6%, showing the 
position of the largest void (a) front view; (b) top view of the cross-section through 
void 
Perhaps unsurprisingly, samples with smaller average void content do not exhibit a 
network of connected voids through the thickness or in-plane (see Figure 5-14), and 
instead show a more spherical void shape. 
The difference of the void shapes between the material systems is likely to have many 
consequences for the failure behaviour of the samples, and the ability for the SBS strength 
to be predicted, as will be demonstrated below. 
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(a) Front view 
       
(b) Top view through the largest void (red colour) 
Figure 5-14. A CT-image of IMA/M21 sample with Vv = 2.6%, showing the 
position of the largest void (a) front view; (b) top view of the cross-section through 
void. 
5.3.3 Number of voids within a sample 
Each sample contains a large number of voids of varying sizes (up to 50,000 in some 
cases), although many of them are very small (e.g. less than 0.005 mm3). For IM7/8552 
samples, there are more smaller voids in the samples, and in fact there is a general 
increase in the number of voids as the voids become smaller, as shown in Figure 5-15a. 
For IMA/M21, a slightly different distribution is found (see Figure 5-15b), in that there 
is a peak in the quantity of voids for voids of approximately 3×10-4 mm3 in volume. There 
are increasingly fewer voids of bother larger and smaller sizes.  
The exact reason for this difference in behaviour is unclear, although it can be surmised 
that the toughened resin layer plays a key role. 
 





Figure 5-15. Void volume distribution in a sample of (a) IM7/8552, Vv = 6.01%, 
and (b) IMA/M21, Vv = 10.18%. 
 Figure 5-16 shows the distribution of the number of voids in each sample with the 





Figure 5-16. Total void volume plotted against number of number of voids in all 
samples of (a) IM7/8552, (b) IMA/M21. 
From the graphs it is clear that void content does not correlate well to the number of voids 
in each sample. This is due to the distribution of void sizes in each sample, which varies; 
presumably at least in part due to the different manufacturing processes used. It is notable 
however, that the correlation for IM7/8552 is much clearer than for IMA/M21. 
In comparing the IMA/M21 and IM7/8552 samples, it can be seen that the IMA/M21 
samples generally comprise a larger number of voids in samples with lower void contents 
(with a minimum number of voids equal to 2,258  in comparison with 212 for IM7/8552). 
However, at larger void contents the IM7/8552 have a much larger number of voids. 
Overall, the number of voids in the IMA/M21 samples is much more consistent at all 
void contents, and this is likely due to the toughened interlayer in the IMA/M21 prepreg 
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which helps to form discrete boundaries between the voids to prevent them merging into 
one larger void. 
Figure 5-17 shows the dependence of SBSS on the number of voids within each sample, 
which indicates there is little correlation between these two parameters, although there is 
a better correlation for IM7/8552. However, overall therefore the number of voids is not 
a good parameter (in isolation) to assess the void effect on the mechanical properties in 





Figure 5-17. SBS strength plotted against number of voids for the both material 
systems. Note: reference sample with no voids is included in this graph. 
5.3.4 Void Volume Distribution 
It was shown in Section 5.3.2 that there are a large number of voids within each sample. 
However, after analysing the samples of IM7/8552 it was noticed that for samples with 
an average void content larger than around 5% there is typically one significantly large 
(by volume) void, or at least a small number of very large voids, whilst the remaining 
voids are smaller in comparison and gradually decrease in size (Figure 5-18a). For 
samples, having less than around 5% void content, the maximum void size (by volume) 
is only slightly bigger than the second largest void (i.e. there is no void that is 
significantly larger than all the others), as shown in Figure 5-18b. Furthermore, there is 
also a more gradual decrease in the void volume from the largest to the smallest voids. 
This can be explained by the complex shape of the voids, especially in samples with high 
void content, as these large voids are the result of a coalescence of several smaller 
neighbouring voids to form one large void 'network', as explained in Section 5.3.2.  
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(a) Vv = 7.3% 
 
(b) Vv = 2.59% 
Figure 5-18. Void volume distribution of the 20 largest voids in IM7/8552 samples 
with different void content. 
For IMA/M21 samples, the size of the voids (by volume) is similar to IM7/8552, in that 
at large void contents (above ~5.5%) the samples typically have one particularly large 
void (Figure 5-19a), whereas below ~5.5% of the average void content the maximum 
volume void is only slightly bigger than the subsequent biggest voids (Figure 5-19b).  
 
(a) Vv = 11.1% 
 
(b) Vv = 5.3% 
Figure 5-19. Void volume distribution of the 20 largest voids in IMA/M21 samples 
with different void content. 
In addition, the IMA/M21 laminates, in contrast to the IM7/8552 laminates, have a much 
more gradual decrease in void size. For instance Figure 5-20a shows that for a typical 
IM7/8552 laminate, the void size of the 150th largest void is 0.015 mm3, whereas, for a 
typical IMA/M21 laminate, the void size of the 150th largest void remains above 
0.022 mm3. 
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(a) IM7/8552, Vv= 5.38% 
 
(b) IMA/M21 Vv = 5.3% 
Figure 5-20. Comparison of the volume of voids in samples of (a) IM7/8552 and (b) 
IMA/M21 that have similar overall void content. 
5.3.4.1 Void maximum dimension 
Whilst the size distribution of voids in a particular sample is likely to have a significant 
effect upon the failure strength, the complex and subtle differences between the 
specimens means it is difficult to directly correlate the void distribution to the strength of 
the specimen. However, it can be surmised that the largest void in a sample would have 
a dominant effect upon the failure strength, and therefore make it possible to extract this 
parameter in isolation to predict the SBS strength. The effect of the largest void in a 
sample can in investigated in a number of ways, for instance by means of the maximum 
dimension of the void, or the void volume. 
Figure 5-21 shows the relationship between maximum void dimension  (as calculated by 
VG Studio Max) and SBSS for both material systems, showing that for IM7/8552 
samples (Figure 5-21a) the maximum void dimension is clustered between 20 mm and 
22 mm, with very few samples having a smaller maximum dimension. This can be due 
to the ‘network’ of long needle-like voids in this material system that create one large 
void with a ‘largest dimension’ that isnot strictly representative of the void morphology 
but is really related to the specimen maximum dimension. As a result, of the consistency 
in the maximum void dimension for the IM7/8552 samples, the SBS strength shows no 
dependence on the maximum void dimension. 
 





Figure 5-21. SBS strength plotted against the maximum void dimension for: 
(a) IM7/8552, (b) IMA/M21. 
In contrast, IMA/M21 samples show a variety of maximum void dimensions between 
3 mm and 22 mm, which provides a better correlation to the SBS strength. This is due to 
the voids being of a more planar and circular in shape, presumably due to the presence 
of toughening particles. However, the correlation is still relatively poor, particularly in 
comparison of SBS strength with the average void content of the samples (see Figure 5-7 
and Figure 5-8). 
5.3.4.2 Maximum void volume 
The maximum void volume might have a significant effect on the failure properties. 
Certainly, it can be assumed that larger voids will have a greater effect upon the SBSS. 
However, as shown in Figure 5-22, the linear correlation between the single largest void 
in each sample and the SBSS is very poor (R=0.6115 for IM7/8552, and R=0.5943 for 
IMA/M21). In fact, the relationship shows a cubic relationship. 
 
(a) IM7/8552, R = 0.6115 
 
(b) IMA/M21, R = 0.5943 
Figure 5-22. SBS strength plotted against the void effective radius for: (a) 
IM7/8552, (b) IMA/M21. 
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However, a linear measure of the void volume can be obtained by calculating the radius 
of an equivalent sphere. This is referred to as an ‘effective radius’, i.e. the radius of a 








where V is the volume of the void.  
Figure 5-23 shows the SBSS plotted against the maximum effective radii found in each 
specimen. 
 
(a) IM7/8552, R = 0.7186 
 
(b) IMA/M21, R=0.8180 
Figure 5-23. SBS strength plotted against the void effective radius for: 
(a) IM7/8552, (b) IMA/M21. 
For both material systems, the correlation of the SBS strength with the effective radius is 
better than the correlation with the maximum void dimension or volume of the largest 
void, however the correlation coefficients for effective radius against SBS strength 
(R = 0.7186 for IM7/8522 and R = 0.8180 for IMA/M21) are still significantly less than 
that obtained using the average void content for each sample (R = 0.9384 for IM7/8552 
and R = 0.9274 for IMA/M21), as shown previously in Figure 5-7 and Figure 5-8. 
Although, the correlation coefficient is higher for IMA/M21, potentially due to the 
reduction in the extent of interconnected void networks than compared to the voids in the 
IM7/8522 specimens. However, it does not provide an excellent correlation to the 
strength, indicating the unreliability in using the properties of just one void to determine 
the mechanical properties of an entire specimen.  
5.3.5 Minimum defect size that needs to be taken into analysis 
It is shown in Section 5.3.3 that there are a large number of voids within each sample 
with various void volumes. However, many of these voids are quite small and are unlikely 
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to greatly affect the failure strength, and in fact it can be surmised that a critical defect 
size exists below which the void will not ‘participate’ in the failure of the sample. If such 
a critical defect size exists, this could potentially be used to limit the number of voids 
needed to provide an accurate assessment of the SBSS, thereby potentially simplifying 
numerical modelling of the samples.  
To assess the influence of void dimension, the voids (i.e. defects) above a given size (in 
either the length, width or thickness direction) were selected for each sample. The 
volumes of these voids were then summed to provide ‘effective void volume’, 𝑉eff,  that 
neglected all voids below the assessed defect size 𝐿thr, i.e.:  
 𝑽𝐞𝐟𝐟 =∑𝑽𝒊 ,   𝐟𝐨𝐫 𝐚𝐥𝐥 𝐯𝐨𝐢𝐝𝐬 𝒊 𝐰𝐡𝐞𝐫𝐞  𝑳𝒊 > 𝑳𝐭𝐡𝐫  (5-3) 
The ‘effective void volume’ 𝑉eff was then used to calculate a coefficient of correlation in 
relation to the SBS strength. The results are shown in Figure 5-24, indicating a generally 
downward trend in the correlation coefficient as the minimum considered defect size is 
increased, although a plateau exists for both material systems at lower values of the 





Figure 5-24. Effect of the minimum dimension of the void considered in analysis 
on the correlation coefficient. 
The plateau shows that voids with a dimension below a certain threshold, approximately 
2 mm for IM7/8552 and 1.5 mm for IMA/M21, provide a negligible change in the 
correlation coefficient. This would seem to be defining a critical defect size, below which 
the voids are not able to initiate a crack. 
Failure mechanics provides a simplified analysis of this phenomenon that can be used to 
indicate a minimum dimension of the voids. Critical defect size can be estimated using 
Griffith equation, by assuming the defect is a 2D crack in an infinite plane: 
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where G is fracture toughness of the material; σ is failure stress; E is Young’s modulus; 
a is the radius along the crack. 
For the SBS test, where shear stresses are propagating cracks in mode II, the crack length 








where 𝐺IIC is the mode II critical fracture toughness (0.8 N/mm for IM7/8552 [133] and 
0.950 N/mm for IMA/M21 [134]), 𝜏 is the SBSS for the reference samples (81.8 MPa for 
IM7/8552 and 68.21 MPa for IMA/M21), and E2 is the transverse Young’s modulus 
(11.38 GPa for IM7/8552 and 8.62 GPa for IMA/M21). 
The calculated critical crack length obtained for IM7/8552 is 0.87 mm, and 1.1 mm for 
IMA/M21. 
The predicted crack length values from the fracture mechanics show a good indication of 
the size at which voids become important to the SBSS,  although the fact that these 
equations (equations 5-4 and 5-5) are formulated for an isotropic homogeneous material 
that fails in pure mode II shear (whereas we have observed 90° plies failing in tension) 
means that the exact value provided by this theory should not be relied upon.  
5.3.6 Correlation of the voids in the critical position to SBSS 
It has been shown in the previous sections that individual void features (such as maximum 
void size and dimension) are not able to improve the linear correlation that between the 
average void content and SBSS (see Figure 5-7 and Figure 5-8). However, it may be 
possible to isolate critical regions in which it is known that high stresses exist. In fact, it 
is known that the shear stress distribution is approximately parabolic through the 
thickness, such that the maximum stress occurs near the mid-plane.  
To investigate the effect of this ‘critical area’ on the correlation to SBSS, the total void 
volume  of all voids in the middle one fifth of the volume through the thickness of the 
laminates is plotted against SBSS for both material systems (see Figure 5-25). It can be 
observed that there is a poor correlation for IM7/8552 – with a correlation coefficient 
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R = 0.5603, whilst for IMA/M21 the correlation is slightly improved (R = 0.7879), yet 
not satisfactory.  
However, when correlating the total void content in the middle three sections out of five 
through the thickness, there is a significant improvement in the correlation for both 
IM7/8552 and IMA/M21 (as shown in Figure 5-26). Increasing of the critical area can be 
justified due to the highly non-linear shear stress/strain response, which gives a much 
flatter distribution of the shear stresses through the thickness of the laminate than the 
normally assumed parabolic distribution [135], i.e. the mid-three sections of the laminate 
are subjected to approximately the same shear stress. This however still does not give as 
good a correlation as the average void content that is shown in Figure 5-7 and Figure 5-8.  
 
(a) IM7/8552, R = 0.5366 
 
(b) IMA/M21, R = 0.7682 
Figure 5-25. Correlation of the total void volume in the middle section through the 
thickness of the sample to SBSS. 
 
(a) IM7/8552, R = 0.8717 
 
(b) IMA/M21, R = 0.9004 
Figure 5-26. Correlation of the total void volume in the three middle sections 
through the thickness of the samples to SBSS. 
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As shown in Figure 5-27 and Figure 5-28, this correlation is largely unaffected by taking 
into account the effective void volume in these mid-regions (i.e. when neglecting voids 
below the critical length).  
This shows that whilst the critical crack length is a good parameter to reduce the number 
of voids that are considered in an analysis (and potentially in a computational model), 
neglecting smaller voids appears to provide little advantage in terms of estimating the 
SBSS from the available void information.  
 
(a) IM7/8552, R = 0.5339 
 
(b) IMA/M21, R = 0.77742 
Figure 5-27. Correlation of the effective void volume in the middle section through 
the thickness of the sample to SBSS. 
 
(a) IM7/8552, R = 0.8731 
 
(b) IMA/M21, R = 0.9015 
Figure 5-28. Correlation of the effective void volume in the three middle sections 
through the thickness of the samples to SBSS. 
5.3.7 Individual ply analysis 
After analysing CT-images of the samples, it was observed that each sample has a 
specific ply through the thickness of the laminate where the majority of the voids (by 
volume) are located. This ply will be referred to herein as the ‘critical ply’.  As the voids 
through the laminate can be considered as stress concentrators, it is reasonable to assume 
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that this ‘critical ply’ will have a dominant effect on the specimen strength, and thereby 
the void content of the ‘critical ply’ will correlate to the failure strength.  
Figure 5-29 shows the correlation of the ‘critical ply’ void volume against SBS strength 
for IM7/8552 and IMA/M21 samples, showing that the relationship between these 
parameters is non-linear. Furthermore, there is a specific void content for both material 
systems where the dependence breaks down and a significant increase in the scatter of 
results is observed (i.e. ~4-5 mm3 for IM7/8552 and ~5.5 mm3 for IMA/M21). This is 
likely due to the significant increase in the through-thickness dimension of the voids 
observed above these void levels, i.e. ~4% for IM7/8552 and ~5% for IMA/M21, as 
shown in Figure 5-30. In fact, many of these larger voids span a significant number of 
plies (in some cases more than half). 
 
(a) IM7/8552, R = 0.6052 
 
(b) IMA/M21, R = 0.6426 
Figure 5-29. Correlation of the maximum void volume in a ply and SBS strength 





Figure 5-30. Changing of the thickness of maximum void with increase of average 
void content.  
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5.3.8 Void feature analysis based on pairs of samples 
For both material systems, it is observed from Figure 5-7 and Figure 5-8 that there are 
pairs of samples that have a similar void content but fail at different SBS strengths. As a 
result, multiple pairs of samples with this type of behaviour have been analysed to 
investigate the features of their voids. The samples for analysis were chosen by finding 
pairs of samples with closely matching total void content (i.e. within ±0.08%) and a 
discrepancy in failure strength (SBS strength) of at least 5MPa. For IM7/8552 23 pairs 
were identified, whilst IMA/M21 had 11 such pairs.  
5.3.8.1 Results of analysis for IM7/8552 
To investigate the causes of the difference in SBS strength between the samples of each 
pair, the ‘effective void volume’ was calculated (i.e. the summation of all voids in a 
sample above the critical defect size – determined as 2 mm for IM7/8552 from Figure 
5-24). Figure 5-31 shows the comparison of the ‘effective void volume’ for the chosen 
pairs of IM7/8552, indicating that most of the samples that failed at the lower SBS 
strength in a pair with similar total void content have a larger ‘effective void volume’ 
than the samples with higher SBS strength. This provides further evidence that the size 
of the voids is a critical feature when assessing the effect of a void on the SBS strength, 
showing that voids smaller than a critical dimension can be neglected.  
 
Figure 5-31. Comparison of the ‘effective void volume’ Veff , (i.e. the total void 
volume of all voids larger than the critical dimension) for IM7/8552 sample pairs 
having the same void content but different SBS strength. 
 
Pair No.
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However, there are several pairs of samples that do not show this behaviour – i.e. samples 
with higher SBSS have the larger ‘effective void volume’ (See pair numbers 3, 6, 8, 13 
and 19-21), indicating that there are other void features that must be taken into account, 
for instance the position of the voids, due to the through-thickness shear stress 
distribution. 
To investigate the effect of void position in these samples, the thickness of the samples 
was divided into five equal sections. The shear stress distribution through the thickness 
of the specimens is nominally assumed to be parabolic, although in practice the shear 
stress/ strain response of the material is highly non-linear and has a much flatter shear 
stress distribution near the midplane [135], such that at least the middle fifth of the 
specimen (in the through-thickness direction) has approximately the same shear stress. It 
is therefore reasonable to assume that voids in this middle section will have a greater 
effect on the SBSS than voids further from the mid-plane. 
In fact, it has been observed that in 4 of the 7 pairs (pairs 3, 13, and 20-21) the largest 
void (by volume) is located in the mid-section of these five sections – i.e. the section 
across the midplane - as shown in Figure 5-32a and Figure 5-33a for pair numbers 3 and 
21, respectively. In each of these cases the largest void of the lower SBSS specimen in 
the mid-section is at least 210% larger than the largest void of the higher SBSS specimen 
located in the mid-section. It therefore appears clear that the position of the largest voids 
in a sample is a critical void feature. 
It is notable that the effective void volume in each of the five sections (i.e. the void 
volume discounting voids smaller than the critical length) is not as clear, as shown in 
Figure 5-32b and Figure 5-33b for pair numbers 3 and 21, respectively.  
This provides evidence that, when the largest total effective void volume of a pair of 
samples does not indicate the sample with the lower SBSS (as is the case for pairs 3, 13 
and 20-21), the size of the maximum void in the specimen may be able to provide a 
clearer indication (see Figure 5-32a and Figure 5-33a) than looking at the effective void 












Figure 5-32. Pair analysis for IM7/8552 Pair No.3: (a) maximum void (by volume) 
in each of five equal sections through the thickness; (b) effective void volume in 





Figure 5-33. Pair analysis for IM7/8552 Pair No.21: (a) maximum void (by 
volume) in each of five equal sections through the thickness; (b) Effective void 
volume in five equal sections through the thickness of the samples. 
 
However, there are still pairs of samples that have discrepancies in their SBSS that is not 
explained when taking into account the critical defect size or the position of the largest 
void (i.e. pairs 6, 8 and 19).   
 
 





Figure 5-34. Pair analysis for IM7/8552 Pair No.6: (a) maximum void (by volume) 
in each of five equal sections through the thickness; (b) effective void volume in 
five equal sections through the thickness of the samples. 
One of these pairs (pair no. 6) is shown in Figure 5-34, showing that the sample with 
higher SBSS has the largest void at its mid-section. However, it is notable that the sample 
with the lower SBSS has multiple large voids in and around the midplane (in sections 2, 
3, 4) which have a combined void content greater than the two large voids shown for the 
sample with higher SBSS in this region.  
In fact, CT-analysis of these samples shows that the two largest voids of the sample with 
lower strength, positioned in sections 2 and 3 (8.79 mm3 - red colour and 8.25 mm3 - 
orange colour in Figure 5-35a, respectively), are located close to each other. Whereas, 
the largest voids of the samples that failed at higher strength – 13.77 mm3 (red colour) 
and 6.67 mm3 (green colour) (Figure 5-35b) – are positioned with a small distance 
between them. Therefore, whilst the sample with the largest void at the mid-section has 
the higher SBSS, the two largest voids of the lower SBSS sample may effectively behave 
as one void due to their closer proximity, thereby suggesting that not only is it important 
to consider the individual void features, but also to consider the interactions between the 
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Sample with lower SBS strength 
 
Sample with higher SBS strength 
Figure 5-35. CT-images showing the position of the largest voids for the samples of 
pair No. 6 (IM7/8552). 
5.3.8.2 Results of analysis for IMA/M21 
As done for IM7/8552, the differences in SBS strength between the samples of pairs with 
similar total void volume fraction were investigated, and the ‘effective void volume’ 
𝑉eff was calculated (i.e. the summation of all voids in a sample above the critical defect 
size – 1.5 mm for IMA/M21 from Figure 5-24). The results are provided in Figure 5-36, 
showing that all but one of the pairs of IMA/M21 that failed at lower SBSS have a larger 
‘effective void volume’ than the equivalent samples that have higher SBS strength.  
 
Figure 5-36. Comparison of the ‘effective void volume’ (i.e. the total void volume 
of all voids larger than the critical dimension), Veff, for IMA/M21 sample pairs 
having the same void content but different SBS strength.  
The fact that only one out of 11 pairs of IMA/M21 showed results contrary to that 
expected when considering the critical defect size, in contrast to the seven out of 22 pairs 
for IM7/8552, is likely due to the more consistently sized void volumes in IMA/M21, 
meaning that there were very few samples having ‘one’ particularly large void in 
Pair No.
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comparison to the others, and instead the specimens tend to have many ‘medium’ sized 
voids. As a result, it would be unhelpful to try and correlate the largest void in the mid-
section to the sample with the lower SBSS (as described in Section 3.4.6.1), particularly 
in view of the importance of proximity shown previously.   
Therefore, for this material system the total of the 10 largest voids is compared in each 
of the 5 sections of the laminate, as shown in Figure 5-37a, as well as the effective void 
volume in each of the five sections, as shown in Figure 5-37b. 
Both of these figures (i.e. Figure 5-37a and Figure 5-37b) indicate that the larger voids 
are located in the mid-section close to the midplane for the lower SBSS sample, thereby 
causing the reduction of the SBSS in comparison to the higher SBSS sample. It should 
be noted that a similar result is found when comparing a lower number of largest voids 
in each sample, although the results are most pronounced for 10 voids (as evidenced by 
the lower void content in section No.3 in Figure 5-37b when including all voids above 






Figure 5-37. Pair analysis for IMA/M21 Pair No.6: (a) total volume of the 10 
largest voids in five equal sections through the thickness of the samples; 
(b) effective void volume in five equal sections through the thickness of the 
samples. 
5.4 Conclusions 
As expected, there is a linear dependence between average void volume fraction and SBS 
strength, although some scatter can be observed due to the varying size, shape, and 
location of the voids. To investigate the effects of these void features, several parameters 
were analysed to find the critical void features that affect the failure strength. 
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It is shown that the number of voids is not a good parameter for void analysis due to the 
different sizes of voids in each sample, whilst it is equally difficult to predict the SBS 
strength when considering the single largest void (in dimension or volume), or the 
‘critical ply’ where most of the voids in a sample are located. This is particularly the case 
when the voids are not confined to a single ply and instead bridge between the plies, as 
is the case for samples having high void content and particularly for IM7/8552 samples 
having high void content. 
Despite this, it has been shown that by analysing a few of the largest voids in a sample it 
is possible to explain discrepancies between pairs of samples with equivalent void 
contents but different SBS strengths. In the IM7/8552 samples, which have one very large 
void, it is possible to explain the discrepancies by comparing each materials single largest 
void or the proximity of a few of the largest voids. For the IMA/M21 samples, which 
have many large voids of similar size, it is necessary to consider the cumulative effect of 
more voids, e.g. the 10 largest voids. 
In addition, it has been shown that many of the smallest voids can be neglected. This has 
been shown by the limited effect of neglecting the smallest voids on the correlation 
coefficient between SBSS and ‘effective void volume’ (i.e. the void content when 
neglecting voids below a certain size), and when directly comparing pairs of samples. It 
is suggested that this is due to a critical defect size (i.e. void dimension), as predicted by 
fracture mechanics, below which the voids do not contribute to failure. As a result, a 
significant number of the smaller voids can be neglected from the analysis. 
Overall, no parameter has been identified that correlates to the SBSS better than the 
average void content of the samples. However, it is worth noting that the void distribution 
in the length-width plane for these samples is generally uniform (although there are 
inevitably variations in the void distribution at smaller scales – See Figure 5-13). This 
would most likely not be the case for more complex geometries (e.g. corners and ply-
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The presence of voids in composite materials has the effect of reducing the materials 
strength, particularly matrix-dominated properties such as short beam shear (SBS) 
strength. Up until now there has been no satisfactory way to reliably predict the effect of 
voids on the SBS strength, and instead there has been a reliance on using the average 
void content to assess the linear reduction of strength with increasing void content. 
However, in order to develop a ‘knock-down’ factor using the linear relationship, an 
extensive testing program is required for each material system in order to reliably 
determine the linear dependence. 
It would be beneficial to provide a scheme that predicts the strength of materials, using 
only knowledge of the voids in a sample, and without resorting to complicated FE 
modelling.  
There are a lot of factors that could affect the overall reduction in strength of a composite 
material, such as: void size, void shape, void location, and the proximity between voids. 
It has been shown in Chapter 5 that none of these individual void characteristics can be 
used in isolation to predict the strength reduction, however it is expected that their 
combined effect upon the cross-sectional area (across the length-width plane) through the 
thickness will provide useful information for predicting the SBSS (short beam shear 
strength). This is due to the shear stresses in the length-width plane, and the assumption 
that there will be a 'critical plane' across which the stress will be largest and provide the 
best correlation to the material’s strength. The location of this plane will depend on the 
void size, void shape, and void location in relation to the through-thickness stress 
distribution. 
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6.1 Theory Background 
The estimation of the strength of composites using a reduced cross-sectional area was 
investigated in the early 1990’s by Gurdal et al. [61] and Wisnom et al. [24]. 
Gurdal et al. investigated the out-of-plane tensile strength of two laminates with different 
stacking sequences: (±45/02/∓45/902)S and (±45/902/∓45/02)S. The reduction of cross-
sectional area was calculated as a function of void length, void volume, void projected 
surface, and overall porosity, by extrapolating estimates of these values taken from 
microscopy images. For the first stacking sequence, the predicted strength matches the 
experimental data very well. However, for the second lay-up the strength was over-
estimated, particularly at higher levels of porosity. This was taken to be due to the non-
uniformity of void distribution at higher levels of porosity, particularly as it was noted 
that there was a higher concentration of voids in the central 0° plies, whereas the 
theoretical model assumes a uniform void distribution. 
Wisnom et al. similarly postulated the importance of a reduced cross-sectional area, 
along with the importance of larger voids that were likely to initiate failure. A very good 
prediction was found to determine the interlaminar shear strength (ILSS) when using the 
reduced cross-sectional area as a knock-down factor (with respect to the ILSS of a 
reference sample). The uniform distribution of the voids and the limited scope of their 
experimental program limited confidence in the applicability of this approach. 
Furthermore, the prediction was only compared to voids introduced into a unidirectional 
laminate. 
In this work, a similar approach will be adopted to predict the SBS strength of the 









where Aporosity – is the cross-sectional area of the voids in a particular plane of a sample 
and Atotal – is the cross-sectional area of the sample 
Unlike with earlier work, a detailed characterisation of the internal void location and 
morphology can now be obtained through X-ray CT scanning of each sample, prior 
testing. This CT-dataset can then be used to find the ‘critical plane’ in each sample, i.e. 
the length-width plane with the maximum cross-sectional area of voids, Aporosity.  
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This ‘critical plane’ could be positioned at any through-thickness location, however it is 
well known that the shear stress distribution is not uniform through the thickness (see e.g. 
[24], [135]). As a result, the ‘critical plane’ calculated by equation (6.1) is merely the 
plane with the greatest proportion of voids, irrespective of the stress level.  
To additionally account for this non-uniformity in the shear stress distribution, a stress 
concentration factor (SCF) is introduced to the equation:  
𝝉𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 = 𝝉𝒑𝒓𝒊𝒔𝒕𝒊𝒏𝒆




According to ASTM D2344 [136], the SBS strength in the experimental tests is 
calculated based on the maximum shear stress at the mid-plane taken from a parabolic 
shear stress distribution given by linear elasticity.  However, this assumption is not 
strictly true as the shear stress distribution actually has a more uniform stress near the 
mid-plane, akin to a flattened parabolic distribution, as shown in Figure 6-1. This is due 
to the shear strength being a matrix dominated property, and the fact that polymer resins 
are highly non-linear materials in comparison to composite fibres. The actual response 
has been investigated by He and Makeev [135], who showed that the shear stress 
distribution is closer to a ‘flattened parabolic’. 
As a result, the SCF is similarly taken to be a ‘flattened parabolic’ distribution, with the 
value of the stress concentration factor, SCF, extracted from [135], shown on Figure 6-1 
and given by: 
𝐒𝐂𝐅 =  −𝟏𝟖. 𝟖𝟓𝒚𝟒 + 𝟎. 𝟕𝟒𝒚𝟐 + 𝟏 (6-3) 
where y ranges between -0.5 and 0.5.  
In this case, the maximum shear stress occurs in and around the mid-plane of the laminate 
to provide a SCF equal to 1. Moving the selected plane away from this region reduces 
the SCF, which tends towards zero at the top and bottom of the specimen.  
Note that the study conducted by He and Makeev [135] is based on unidirectional 
laminates, however this is assumed to be adequate for comparative purposes since 
through-thickness shear is matrix dominated for all layups. 
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Figure 6-1. Through-thickness shear distribution, showing the parabolic shear 
stress distribution assumed by the ASTM standard (ASTM D2344) and the 
flattened parabolic distribution from [135]. 
The predictions using equation 6-2 will be compared to the experimental results 
presented in Chapter 5 for SBS strength. See, for instance, Figure 5-6 (for IM7/8552) and 
Figure 5-7 (for IMA/M21), which show the average void content vs. SBS strength of the 
samples.  
6.2 Prediction of the short beam shear (SBS) strength 
Accurately determining the cross-sectional area of the voids through the thickness of each 
sample provides many challenges. Whilst the Defect Detection VG-Studio plug-in 
automatically provides information regarding many of the characteristics of each void 
(e.g. void volume, surface area, position, projected area, and length), it doesnot 
automatically provide the planar void content through the thickness of the samples (i.e. 
𝐴porosity), and so alternative schemes are presented for estimating the cross-sectional 
void content.  
6.2.1 Prediction using the actual cross-sectional area from the CT-image 
Calculation of the actual cross-sectional area of the voids across any given plane of a 
sample is possible directly by using the CT-images. To achieve this, every slice through 
the thickness of the laminate needs to be analysed to find the slices (in the length-width 
plane) with the maximum cross-sectional area of voids (see the example in Figure 6-2), 
although the position of this cross-section must also be taken into account by the means 
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of the SCF, such that the 'critical plane' is identified which has the maximum combined 
effect upon the SBS strength (see Equation 6.2). This process is very time-consuming, 
especially when analysing large numbers of samples (as is the case here).  
As a trial of the method, several samples with different void contents from both material 
systems have been selected in order to review their usefulness in predicting the SBS 
strength. 
 
(a) IM7/8552, Vv = 7.26% 
 
(b) IMA/M21, Vv = 12.88% 
Figure 6-2. Example of the voids on the ‘critical plane’ in samples of:  
(a) IM7/8552; (b) IMA/M21. The maximum void in each sample is highlighted in 
red, and smaller voids are highlighted in blue. 
Figure 6-3 shows the comparison of the actual SBS strength and the SBS strength 
predicted using the SCF and the cross-sectional area of the voids on a critical plane 
measured directly from the CT-images, 𝐴porosity, plotted against the specimens’ average 
void content.  
For IM7/8552, the prediction overestimates the experimentally determined SBS strength, 
and this overestimation increases (i.e. the error between the predicted and actual SBS 
strength increases) as the void content of the samples increases. This is likely due to the 
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void shape, which is actually more of a network of interconnected voids (see e.g. 
Section 5.3.2) that extend across multiple plies through the thickness. The through-
thickness extent of these void-networks isnot taken into account in this analysis, and that 
is thought to be a key factor in the observed error in the predictions. 
For IMA/M21 the prediction is typically better than for IM7/8552, however the error is 
still significant and generally increases with increasing void content. The improved 
prediction, particularly at low void content (<6% void content), is likely due to the fact 
the voids in IMA/M21 are mostly positioned in the resin layer region between the plies 
(see e.g. Section 5.3.2) and do not show such extensive void-networks bridging between 
the plies as seen in IM7/8552. 
Given that this technique is very time-consuming and does not provide particularly 
accurate results, there is clearly a need for an alternative and more efficient method to 
evaluate the cross-sectional area of the voids in any given plane, i.e. 𝐴porosity , that 
provides an equivalent or superior prediction of the SBS strength. In the following 
sections, suggestions are put forward for improving this evaluation and thereby 





Figure 6-3. Prediction of the short beam shear (SBS) strength from the reduced 
cross-sectional area, calculated using the SCF and the actual cross-sectional area 
determined from CT-slices in the length-width plane. 
6.2.2 Prediction assuming a constant cross-sectional area of the voids 
In order to calculate the total cross-sectional area of all the voids in a particular plane for 
each sample in a less time-consuming manner, the cross-sectional area of each void is 
calculated using the following equation: 
 





where Vvoid is the void volume and tvoid is the maximum void thickness  
Note that Vvoid and tvoid are parameters automatically supplied by the Defect Defection 
plug-in of VG Studio, and so the cross-sectional area of each void, 𝐴void, is easy to 
obtain. This equation makes the assumption that each void has a constant cross-section 
in the thickness direction. The total cross-sectional area, 𝐴porosity, in each plane is then 
calculated by adding together the cross-sectional area, 𝐴void, of each void that extends 
through the particular plane in question. 
The comparison between the predicted and actual SBS strength for both material systems 





Figure 6-4. Prediction of the short beam shear strength from the reduced cross-
sectional area, calculated assuming a constant cross-sectional area of the voids in 
the thickness direction. 
It can be observed from Figure 6-4 that for both material systems the prediction 
overestimates the SBS strength, although better results are obtained for samples with 
smaller average void content (<4% void content). Even so, the overall behaviour of the 
estimated curve is unsatisfactory with a large error in comparison to the experimentally 
determined SBS strength, and a greater error than that observed when calculating the 
actual reduced cross-sectional area from CT-slices.  
This is likely in part due to the error associated with assuming a constant cross-sectional 
area of the voids, whereas the voids actually have a complex shape which form a void-
network of interconnected voids. As a result, the voids extend between multiple plies and 
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therefore the stress is not constrained to a single plane (as discussed in Chapter 5, 
Section 5.3.2).  
This is particularly seen for IM7/8552 at the higher average void contents (above 
approximately 4% void content), where samples include large void-networks extending 
through the thickness of the laminates. For IMA/M21, the prediction is slightly better due 
to the more constant shape of the voids and the reduced penetration of the voids between 
plies. 
6.2.3 Prediction using the projected area of the single largest void-
network 
To try and take into account that the voids extend in the through-thickness direction, the 
projected area of the voids (when viewed in the length-width plane) has been used to 
calculate the reduced cross-sectional area. Each length-width plane of each sample is 
analysed to find any voids whose centre lies on the plane in question. As the centre of 
two voids is unlikely to exactly match, it therefore means that the calculation effectively 
calculates the projected area of the single largest void-network.  
The projected area is the (two-dimensional) measurement of the projected shape of the 
(three-dimensional) void onto an arbitrary plane (see Figure 6-5). The ‘critical plane’ is 
then found by also taking into account the stress concentration factor (SCF).  
 
 
(a) 3D image of the sample with 
selected largest void-network 
 
(b) Projected area on the length-width 
plane of the selected void-network 
Figure 6-5. The selection of the projected area of the voids: (a) a 3D view of a void-
network, (b) The projected area of that void onto the length-width plane.  
The section with the largest projected surface area (after taking into account the SCF) is 
then selected as the ‘critical plane’.  
 





Figure 6-6. Prediction of the SBS strength using the projected surface area (in the 
length-width plane) to estimate the area of voids in the ‘critical plane’.  
Figure 6-6 shows that the prediction of the SBS strength using the projected surface area 
is better than that obtained directly calculating the actual reduced cross-sectional area 
from the CT-slices (shown in Figure 6-3) and when assuming a constant cross-sectional 
area of the voids (shown in Figure 6-4), especially for IM7/8552 samples. This is 
explained by the presence of one dominant largest void-network in the IM7/8552 material 
system, within one of the plies. Hence, taking the projected surface area of the largest 
void-network provides a good for prediction for IM7/8552.  
It can be also seen in Figure 6-6 that there are some ‘outliers’ in the predicted results that 
do not compare well to the experimental results. This is caused by the particularly large 
void-networks in these samples that extend through multiple plies (e.g. 5 or more plies). 
In particular, due to their ‘network’ shape, these voids actually have a smaller effect on 
the SBS strength than what is predicted by the projected area.   
To illustrate this, Figure 6-7 shows only those samples with void-networks with 
thicknesses that are 4 or less plies in thickness and shows that those ‘outliers’ are almost 
completely eliminated for both material systems. Thus, in subsequent investigations of 
the projected area, void-networks having a maximum thickness greater than 4 plies have 
been neglected. 
 





Figure 6-7. Prediction of the SBS strength using the projected surface area (in the 
length-width plane) to estimate the area of voids in the ‘critical plane’, neglecting 
samples with void-networks having a thickness greater than 4 plies. 
Unfortunately, the improvement in the prediction is limited for the IMA/M21 samples. 
This is due to this material system not having one void that is significantly larger than 
the rest of the voids (as is the case for IM7/8552), but instead it has multiple large voids 
between the plies. In fact, CT analysis of these samples shows that the majority of the 
voids are located in the interface (as the resin layer of this material system is large), as 
shown in Figure 6-8. This could explain why the prediction underestimates the SBS 
strength, and suggests that a discrete 3D slice should be analysed in order to account for 
all the voids in each resin layer, although the actual thickness of this 3D slice needs to be 
investigated. 
 
Figure 6-8. Void distribution in an IMA/M21 sample, Vv= 9.22%, showing that the 
majority of the voids are located in the ply interface. 
6.2.4 Prediction using a finite slice thickness 
It is expected that, even though the voids may not be centred on exactly the same length-
width plane of the samples, the close proximity of the voids in the interply zones of the 
IMA/M21 samples means that they effectively act as a unified plane of voids. As a result, 
it is expected that including the projected areas of voids from a discrete 3D slice of the 
samples to calculate a ‘critical slice’ could provide a better prediction of the SBS strength. 
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To investigate the influence of the slice thickness, it was varied and the cumulative 
projected area (in the length-width plane) of all voids centred within that slice was 
calculated. This cumulative projected area was used to calculate a reduced cross-sectional 
area and thereby to predict the SBS strength using the SCF (Equation 6-3). The 
predictions were then compared to the experimental SBS strength in order to calculate a 
mean squared error. 
Figure 6-9 shows these interesting results, which are very different for each material 
system. For the IM7/8552 samples, it can be observed that there is minimal difference 
between sample slices below ~0.1mm. And, in fact, taking a slice of 0 mm (i.e. the plane 
described in Section 6.2.3) is shown to provide a suitable estimate of the SBS strength 
for IM7/8552 samples. This is because this material system has one significantly large 
void-network (i.e. network of interconnected voids) that provides a good prediction with 
or without the addition of neighbouring smaller voids.  
However, the results are quite different for IMA/M21 and show that taking a slice of 
0 mm (as described in Section 6.2.3) provides the highest error in the SBS strength 
estimation, and that increasing the slice thickness decreases the obtained error. In fact, a 
minimum error is obtained at a slice thickness of 0.0475 mm. It is notable that the 
thickness of the slice is similar to the resin layer thickness of this material, which makes 






Figure 6-9. The mean squared error for IM7/8552 when taking different slice 
thicknesses (note that a 0 mm slice refers to the analysis of a 2D plane, as shown in 
section 6.3.2) 
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6.2.5 Improvement of the SBS strength prediction of the IMA/M21 
samples 
By using the optimal thickness of the slice for IMA/M21, a significant improvement in 
the prediction of SBS strength can be observed (Figure 6-10b). However, using this 
constant thickness value still provides scatter of the results, which can be improved 
further.  
 
(a) Slice thickness = 0 mm 
 
(b) Slice thickness = 0.0475 mm 
Figure 6-10. Predicted SBS strength for IMA/M21 samples when using the ‘critical 
slice’, assuming a slice thickness of 0.0475mm. 
6.2.5.1 Resin layer thickness distribution in the samples  
CT-images of the IMA/M21 samples reveal that the resin layer thickness actually varies 
between samples, and is in fact proportional to the average void content in each sample. 
This is illustrated in Figure 6-11 for three selected samples of increasing void content. 
To provide a quantitative evaluation of the resin layer thickness, several samples of 
IMA/M21 were selected (in the void content range of between 2 % and 13%). A slice 
was taken in the middle of the sample, and the average resin layer thickness in that slice 
was calculated. The average resin layer thickness for the several samples is shown in 
Figure 6-12. As expected, the resin layer thickness increases as the average void content 
increases and suggests that one (constant) value of the resin layer thickness is unable to 
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(a) Vv = 2.04% 
 
(b) Vv = 5.34% 
 
(c) Vv = 11.59% 
Figure 6-11.  CT-images of IMA/M21 samples in the width-thickness direction 
showing an increasing of the resin layer with increase of the average void content  
 
Figure 6-12. Measured average resin layer thickness of IMA/M21 samples directly 
from CT-images. 
The difficulty is that evaluation of the average resin layer thickness using CT-images is 
time consuming and still only provides a snap-shot of the resin layer thickness in a 
particular plane, whereas in reality each resin layer thickness is variable. However, it was 
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previously shown that the majority of voids are located in the interface, and furthermore 
it is observed that the resin layer thickness is approximately the same as the average void 
thickness in this material system.  
As a result, the resin layer thickness for each specimen can be estimated quickly (from 
the available CT-data provided by the VG Studio Max Defect Detection plug-in) by 
taking an average of the void thickness in a sample. Figure 6-13 shows the increase of 
the void thickness as the void content of the samples increases. This shows a similar trend 
as the resin layer thickness estimated directly from the CT-images (Figure 6-12), 
although the void thickness is slightly higher as the direct resin thickness measurement 
from the CT-images uses a 2D slice of the sample and so does not account for unevenness 
of the actual resin layer thickness. The data from Figure 6-13 can therefore be used to 
provide a better estimate of the in-plane average resin layer thickness.  
 
Figure 6-13. Average void thickness in IMA/M21 showing an increase with 
increasing of the average void content. 
6.2.5.2 The effect of a variable slice thickness 
This result suggests that the prediction of SBS strength can be improved by taking into 
account the variable resin layer thickness (i.e. slice thickness). To investigate this, two 
different parameters for the slice thickness were used – the best-fit line from the average 
resin layer thickness, shown in Figure 6-12, and the average thickness of the voids for 
each individual sample, as shown in Figure 6-13. Note that by using the average thickness 
of the voids of each sample (rather than a best-fit line), a prediction of the SBS strength 
for each sample can be obtained without knowledge of the void thicknesses of the other 
samples.  The comparison of these two parameters is shown in Figure 6-14.  
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The two parameters for calculating the applied slice thicknesses provide similar 
predictions to the SBS strength prediction, and in both cases the mean squared error 
(MSE) is slightly reduced in comparison to taking a constant slice thickness for all 
samples, which gave a MSE of 17.24. The total error between the predicted SBS strength 
and experimental SBS strength is slightly smaller (MSE = 13.755) when calculating the 
slice thickness from the average void thickness than when calculating the slice thickness 
from the resin layer thickness measured directly from 2D CT-images of the samples 
(MSE = 14.363). 
 
(a) Using best fit line from Fig.9 
 
Error = 14.363 
 
(b) Using average thickness of the 
voids 
Error = 13.755 
Figure 6-14. Prediction of the SBS strength for IMA/M21 using variable thickness 
of the slice based on: (a) best fit line for resin layer thickens; and, (b) average 
thickness of the voids. 
6.2.6 Prediction of the SBS strength for angle-plies 
To predict the SBS strength for the IM7/8552 angle-ply laminates, two methods 
previously applied to calculate the reduced cross-sectional area (see Equation 6-2) are 
applied here. However, in contrast to the results shown for cross-ply samples, no samples 
are excluded. This is because void-networks are present in almost all samples that extend 
through at least 4 plies. For this reason, and because there are fewer tested samples, the 
relative mean squared errors of the predictions between the cross-ply and angle-ply 
samples are not directly comparable.   
Firstly, the reduced cross-sectional area is calculated in the ‘critical plane’ by making the 
assumption that each void has a constant cross-section in the thickness direction. The 
total cross-sectional area, Aporosity, in each plane is then calculated by adding together the 
cross-sectional area, Avoid, of each void that extends through the particular plane in 
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question. This is the same approach adopted for the IM7/8552 cross-ply laminates in 
Section 6.3.2. The results are shown in Figure 6-15a and indicate that this approach 
significantly overestimates the SBS strength of the samples across the entire range of 
sample void contents.  
Secondly, the reduced cross-sectional area is calculated based on the projected area of all 
voids whose centre crosses a particular plane. This is the same approach adopted for the 
IM7/8552 cross-ply laminates in Section 6.3.3. The results in Figure 6-15b show a 
reduced error between the actual SBS strength and the predicted SBS strength (when 
compared to the prediction based on assuming a constant cross-sectional area of the voids 
– as in Figure 6-15a), however there is still significant variation in the predicted SBSS. 
Whilst some of the predictions showed a close agreement to the actual SBS strength, the 






Figure 6-15. Prediction of the short beam shear strength from the reduced cross-
sectional area of the ‘critical plane’: (a) Calculated assuming a constant cross-
sectional area of the voids in the thickness direction, (b) Calculated using the 
projected surface area (in the length-width plane). 
6.2.6.1 Prediction for angle plies using a finite slice thickness 
It was shown previously (Section 6.3.5) that the best prediction for IM7/8552 cross-ply 
samples is found when taking the projected area of voids whose centre lie on a ‘critical 
plane’, and it is thought this is due to these samples typically containing one very large 
void (in comparison to the remaining voids in a sample). This seemed to be supported by 
the improvement in results that could be obtained for the M21/8552 samples when using 
the projected area of all voids within a finite ‘slice’ thickness, as these samples generally 
had a number of similarly large voids, rather than one very large void.  As seen in Figure 
6-16 for one representative sample, the void size distribution for the IM7/8552 angle-ply 
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samples is similarly more evenly spread, with no singular large void (in comparison to 
the remaining voids). 
 
Figure 6-16. The 10 largest voids of an IM7/8552 angle-ply sample with void 
content, Vv = 2.53%. 
This suggests that the prediction of SBS strength can be improved by taking into account 
a finite slice thickness, as opposed to only counting voids that are centred on a single 
plane. As Figure 6-17 shows, a minimum error is obtained when adding together the 
projected area of all voids within a slice of thickness 0.095 mm. In fact, the mean squared 
error (MSE = 129.42) is almost half of that obtained when using a single plane 
(MSE = 217.9537). 
 
Figure 6-17. The mean squared error for an IM7/8552 angle-ply laminate when 
taking different slice thicknesses (note that a 0 mm slice refers to the analysis of a 
2D plane, as discussed in Section 6.3.6). 
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Figure 6-18. Predicted SBS strength for an IM7/8552 angle-ply samples when 
using the ‘critical slice’, assuming a slice thickness of 0.095mm. 
6.2.6.2 The effect of a variable slice thickness for angle plies 
In Section 6.2.5.2 it was shown that the best prediction of the SBSS for IMA/M21 cross-
ply samples could be obtained by the average thickness of all voids in a given sample, 
which was shown to be approximately the same as the resin layer thickness.  
The resin layer for IMA/M21 is relatively easy to detect due to the toughening particles 
that are present in the resin, however this isn’t the case for IM7/8552 and so it is very 
challenging to calculate the thickness of the resin layer. Even so, Figure 6-19 shows that 
by using the average thickness of all voids for each sample, it is possible to obtain a 
reasonable estimate of the SBSS (MSE = 137.60). This prediction is slightly worse than 
the prediction obtained when taking a slice thickness of 0.095 mm (MSE = 129.42), 
however this technique has the advantage that it only needs information about the sample 
in question. Whereas obtaining the optimal slice thickness (as in section 6.4.3) requires 
information from many samples in order to be confident in its value. 
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Figure 6-19. Prediction of the SBS strength for IMA/M21 using a slice thickness 
according to the average thickness of the voids in each sample. 
6.3 Concluding Remarks 
In this chapter, different methods of predicting the SBS strength in carbon/epoxy 
composites have been compared. The intention is that these methods will provide 
guidance to industry on how to predict the strength of composite materials containing 
voids using information obtained from the CT-images, material system data, and a 
reference value of the strength, without undertaking extensive testing programs. 
The motivation for developing these methods of predicting the SBS strength stems from 
an assumption that the reduction of the SBS strength is principally influenced by a 
reduction of the cross-sectional area in a ‘critical plane’, due to the presence of voids in 
this plane and its combined effect with a stress concentration factor (SCF) that relates the 
position of the plane to the estimated stress in that particular plane. The approaches are 
also influenced by the information that is available concerning the voids. Although there 
is significant information from the CT-analysis regarding many of the characteristics of 
each void (e.g. void volume, surface area, position, projected area, and length), it doesn’t 
automatically provide the planar void content through the thickness of the samples.  
It has been shown that, even when undertaking the time-consuming process of using the 
CT-images to find and directly measure the void content in the 'critical plane', the results 
of the SBSS prediction for both material systems show significant overestimation of the 
strength values due to the significant 3D morphology of the voids. 
As a result, less time-consuming methods are proposed that use the available void data-
set obtained using the VG-Studio Defect Detection plug-in.  
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The first method calculated the reduced cross-sectional area by assuming that each void 
has a constant cross-section in the thickness direction, and totalling the cross-section of 
each void that crosses a particular plane. The method showed a better prediction at low 
void content (<4% void content) than at higher void contents for both IMA/M21 samples 
and IM7/8552 samples due to the regular shape of the voids at low void content. At high 
void content, particularly for IM7/8552, the voids form a complex void-network of 
interconnected voids that extend across multiple plies. 
To try and take into account the effect of this 3D network on a 2D plane, the projected 
area of the voids (when viewed in the length-width plane) has been used to calculate the 
reduced cross-sectional area by finding any voids whose centre lies on a particular plane. 
As the centre of two voids is unlikely to exactly match, it therefore means that the 
calculation effectively calculates the projected area of the single largest void-network. 
This estimation provided good results for IM7/8552 samples, especially after neglecting 
samples with voids extended across more than 4 plies. This method did not work so well 
for the IMA/M21 material system, which had a different void morphology. 
Improvements in the prediction were identified for the IMA/M21 samples when taking 
into account voids centred within a discrete distance of the 'critical plane', i.e. when 
totalling the projected area of voids in a thin 3D slice. This improvement is due to this 
material system not having one void that is significantly larger than the rest of the voids 
(as is the case for IM7/8552), but instead having multiple large voids in the interply 
region that effectively act as a 2D plane. It was also shown that the optimal slice thickness 
for IMA/M21 was 0.0475 mm, which is approximately the size of the resin layer where 
the majority of the voids are located. However, it is also known that the resin layer 
thickness varies between samples, and so this information was used to improve the 
prediction of SBS strength using a variable slice thickness for each sample. Furthermore, 
it was shown that the average void thickness for each sample provides a good estimate 
of the resin layer thickness for this material system, and thereby provides a good estimate 
of the optimal slice thickness. 
An initial investigation into the effect of different lay-ups on the SBS strength is also 
undertaken using an angle-ply laminate. This showed significantly more scatter of the 
experimental data between void content and SBS strength than that observed for the 
cross-ply laminate. The prediction of the SBS strength is also further complicated by the 
complex shape of the voids and their influence on the failure behaviour, as the interply 
voids of the angle-ply have a curved shape that combines the path of both of its adjacent 
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plies. Even so, satisfactory predictions were obtained by taking into account voids 
centred within a discrete distance of the 'critical plane' (i.e. a slice thickness of 0.095mm). 
Alternatively, a similar prediction could be obtained by approximating the optimal slice 
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7 MODELLING THE FAILURE 
BEHAVIOUR OF THE 
LAMINATED COMPOSITES 
CONTAINING VOIDS 
It has been demonstrated in the preceding chapters through an extensive experimental 
program investigating the effect of voids in carbon/epoxy composites, that there are 
particular void features that have a significant effect upon the short-beam shear strength 
(SBSS), such as void size, void shape, void location, and the proximity between voids.  
To generate a numerical understanding the effects of these individual void characteristics 
would require the use of detailed finite element (FE) analysis, such as micromechanical 
modelling, in order to provide a controlled environment in which these parameters can 
be altered in a well-defined manner. However, these models are complex, 
computationally expensive, and typically only feasible for analysing particular portions 
of a larger specimen. Even then, the implementation of these models requires many 
assumptions and simplifications to be made with respect to the experimental testing. 
However, it was shown in the literature review, and has been demonstrated in the 
preceding chapters (see e.g. Section 5.3), that the reduction in mechanical properties due 
to porosity can be predicted satisfactorily when taking a more homogenised approach – 
for example, the SBSS shows a strong linear correlation to the average void content of 
the specimens (see Section 5.3.1). The difficulty with using these correlations to calculate 
a knock-down factor is that generally this requires an extensive experimental program to 
be implemented in order to characterise the relationship.  
If a simplified FE model could be developed, which simulates and predicts the failure 
behaviour and/or failure stresses in composite laminates containing voids, the benefits 
would be appreciable. For instance, there is a need in industry for a fast and accurate FE 
model that can be used to pass or fail composite components based on homogenised 
information of porosity at a component level, or ply level. The FE model should be able 
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to predict the reduction in mechanical properties (i.e. provide a knock-down factor) using 
only limited knowledge of individual void features.  
In this chapter, a simplified FE model is used to simulate a short beam shear (SBS) test 
for two laminate lay-ups: cross-ply and angle ply. A simple parametric investigation was 
conducted in order to identify the most critical material damage model properties and 
their correlation to the average void content.  
7.1 Model development 
A finite element model of the short beam shear (SBS) test has been generated in the 
explicit code LS-Dyna according to the geometry of the test samples. The elements used 
in the model were 8-noded hexahedral single integration point solid elements (LS-Dyna 
Element Formulation Type 1) in order to model the individual plies, and 8-noded 
cohesive elements in order to model the inter-ply failure. The mesh is generated using a 
Matlab script to write a keyword/input file containing the mesh information, with 
refinements made to allow the generation of a controlled bias in element size at the roller 
contact areas and near the free edges. 
The developed model included 90 elements across the length of the beam, with a 
minimum element dimension, 𝑙el, of 0.143 mm, and 30 elements across the width of the 
beam, with a minimum element dimension, 𝑤el, of 0.238 mm. In the through-thickness 
direction, 1 element per ply was used.  
The modelled laminates have the same lay-up as the IM7/8552 laminates that have been 
investigated in the previous chapters, such that the cross-ply lay-up is 
[(0,90)4,0,90,0,(90,0)4] and the angle-ply lay-up is [(0,+30,-30)3,0,(-30,+30,0)3]. 
The SBS test includes two rigid support rollers of 3mm in diameter beneath a composite 
sample, and one rigid loading roller of 6mm diameter above the sample. The composite 
sample has a length of 20 mm, a width of 10 mm width, and a thickness of 2.375 mm. 
The span between the rollers is 10 mm, in accordance with the ASTM standard (ASTM 
D2344) and the setup used in the experimental program. Automatic surface-to-surface 
contacts were created between the rollers and the composite beam, and all translational 
and rotational degrees of freedom of the support rollers were constrained. The sample 
was then loaded by assigning a prescribed motion to the loading roller. The FE model is 
shown in Figure 7-1 and the elastic mechanical properties of the IM7/8552 unidirectional 
laminate used as input are summarised in Table 7-1.  
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161 11.38 11.38 0.32 0.32 0.436 5.17 5.17 3.962 0 3×10-5 3×10-5 
 
 
Figure 7-1. FE model set-up for the simulated short beam shear (SBS) test. 
In order to accurately predict the SBS behaviour of a pristine model (i.e. a model without 
voids), it is necessary to define the mechanical constitutive behaviour of the ply and 
cohesive elements. This is achieved using the ‘User Defined’ material models developed 
within the Rolls-Royce UTC of the University of Bristol. The implemented models 
include: 
Non-linear shear model - A non-linear shear stress-strain relationship was assumed in the 
in-plane and through-thickness direction and implemented in the following form [2]: 
𝝈𝟏𝒊 = 𝒔𝒈𝒏(𝜸𝟏𝒊) (𝑨(𝟏 − 𝒆
−𝑩|𝜸𝟏𝒊|)) , 𝒊 = 𝟐, 𝟑 (7-1) 
where 𝜎1𝑖 is the shear stress and 𝛾1𝑖 is the engineering shear strain, the numeric indices 
denote the ply principal direction, and A and B are obtained by a least-square fit to the 
experimental data. For IM7/8552, A = 145 and B = 38 from [137]. 
Continuum damage model for transverse matrix cracking - This model is based on the 
work of Pinho et al. [105], [106] and further developed by Mukhopadhyay et al. [2]. This 
model used an initiation law, proposed in [138]: 
 


























where 𝑓mt equals 1 at damage initiation, 𝜎N is the normal traction on the fracture plane, 
𝜏L and 𝜏T are the two shear tractions (see Figure 7-2). 𝑆L and 𝑆T are the in-plane and 





where 𝜙0  is the angle of the fracture plane in pure compression, 𝑌C is the transverse 
compressive strength.  
















where 𝑌T is the transverse tensile strength and 𝜇L is the longitudinal friction coefficient. 
 
Figure 7-2. Traction components on the fracture plane, from Pinho et al.[105] 
 After failure is detected, the traction components acting on the fracture plane are 
degraded: 
𝝈𝐍 → (𝟏 − 𝑫𝒎𝒄)𝝈𝐍
𝝉𝐓 → (𝟏 − 𝑫𝒎𝒄)𝝉𝐓
𝝉𝐋 → (𝟏 − 𝑫𝒎𝒄)𝝉𝐋
} (7-5) 
where Dmc ϵ [0,1] is a damage parameter, introduced as below:  
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Where mat is the damage driven strain, f is the equivalent strain at complete failure that 
can be obtained using the mixed mode critical fracture energy, the characteristic length 
and the strength at initiation of damage, and 0 is the strain at damage initiation. All the 
related equations can be found in [2]. 
In the model, instabilities in the numerical solution were avoided by fixing the damage 
parameter, Dmc, at 'complete failure' to be a value of 0.95. 
The parameters listed in Table 7-2 have the following meaning: YT, YC and SL are the 
tensile strength, compression strength and longitudinal shear strength, respectively. GIC 
and GIIC are the mode I and mode II fracture toughness, respectively, and α is the exponent 
in the power law. 
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Delamination model: The delamination model used in this work is a mixed mode bi-
linear cohesive fracture model, based on the work of Jiang et al. [110]. This softening 
law can be illustrated in a three-dimensional map, with the pure mode I behaviour 
indicated in the 0 – σ – δI plane, while the mode II behaviour is indicated in the 0 – σ – 






where δ1, δ2 and δ3 are the mode I, mode II, and mode III relative displacements between 
the surfaces of the cohesive element, respectively. 
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Figure 7-3. Interfacial bilinear mixed-mode softening law[110] 
The numerical initiation is modelled with a stress-based criterion, while the propagation 

















where 𝑓delam is equal to 1 at initiation, 𝜎I max is the interlaminar normal strength, and 
𝜎II max is the interlaminar shear strength. 











= 𝟏 (7-9) 
where 𝐺I and 𝐺II are the mode I and mode II energy release rates associated with the 
current state of loading, 𝐺IC and 𝐺IIC are mode I and mode II fracture toughness’s, and α 
is an empirical parameter for a given material.   









where 𝛿𝑚 , 𝛿𝑚
𝑒 , 𝛿𝑚
𝑓
 are the current mixed-mode displacement, displacement at damage 
initiation, and complete failure displacement, respectively. An assumption is made that 
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prior to damage initiation the top and bottom surfaces of cohesive elements are connected 
by high stiffness springs, defined as EI and EII in the mode I and mode II directions, 
respectively. 
The cohesive stiffness’s for this material system, shown in Table 7-3 were estimated from 
the isotropic mechanical properties of the resin, taking a Young’s modulus, 
E, of 4.67 GPa and a Poisson’s ratio, ν, of 0.33, and assuming that the thickness of the 
resin rich layer is 0.01 mm. 
Table 7-3. Cohesive properties for UD IM7/8552 laminates. 
 
Residual stresses were also introduced into the model to simulate the stresses developed 
in the laminate due to cooling from the cure temperature (180°C) down to room 
temperature (20°C).  
The model was then implemented assuming a constant (ambient) temperature, with the 
loading increased until complete failure.  
7.2 Failure modes 
The experimental tests revealed that the cross-ply IM7/8552 laminates initially failed via 
multiple matrix cracks, followed by delamination. This behaviour was seen by the high-
speed camera and a high resolution DSLR camera, and was further confirmed through 
CT-analysis of several post-failure samples. 
This behaviour was also observed in the pristine SBS sample model, which showed 
initiation of the matrix cracks in close proximity to the rollers (loading and support 
rollers) and then further propagation of the matrix cracks in each of the 90° plies (see 
Figure 7-4). After the maximum strength of the sample was reached (i.e. post-failure), 
delamination failure was observed. Overall, this model correctly captures initiation and 
propagation of the failure in pristine samples when compare to the experimental results, 














0.26 1.002 111.0 120.0 4.65·105 1.75·105 1 
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(a) Failure initiation 
 
(b) Failure propagation 
 
(c) Final failure – model 
 
 
(d)  Final failure – experiment 
Figure 7-4. Comparison of the failure mode for the pristine model and 
experimental results for IM7/8552 cross-ply samples. (a) the initiation of the 
failure and (b) the progression of the failure; (c) and (d) shows the final failure of 
model and experiment, respectively. The damage flag reaches 0.95 at full failure. 
For the IM7/8552 angle-ply samples, the experimental failure behaviour is different in 
that failure initiates with delamination between adjacent plies (and close to the mid-plane 
in the pristine samples), with post-failure showing the development of matrix cracks in 
the +30° and−30° plies. 
However, when implementing the matrix crack damage model in the FE analysis, the 
prediction was unable to replicate this behaviour, and instead failure was initiated via 
large areas of predicted matrix cracks (see Figure 7-5). As a result, the failure strength of 
the angle-ply laminates was underestimated. The possible cause for this is the smeared 
crack approach, that implemented into the continuum damage model for transverse 
matrix cracking. 
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Figure 7-5. Failure of the angle-ply laminates via matrix cracking 
Therefore, in order to provide a better qualitive and quantitative estimation of the failure 
behaviour, the matrix crack properties were suppressed. The result is that the predicted 
failure behaviour displays the expected delamination initiation, although consequently is 
unable to show matrix cracking after the delamination (Figure 7-6). However, this 
suppression is not expected to affect the failure load, as the matrix cracking should occur 
only after the maximum load occurs (i.e. in post-failure). This is further evidenced by the 
close match between the failure load of the model and the failure load of the experimental 
samples (see Section 7.3).   
 
Figure 7-6. Comparison of the failure mode of the pristine model and experiment 
for angle ply lay-up. Note: in this case the damage parameter (shown in the 
legend) equal to 3 corresponds to the final failure. 
7.3  Mesh sensitivity study 
In order to validate the FE models, a mesh sensitivity study of the pristine models was 
undertaken for both the cross-ply and angle-ply laminates, using several mesh densities. 
 
134   
The mesh density was varied from a coarse mesh (with approximately 10,000 elements) 
to a fine mesh (with approximately 260,000 elements) (see Table 7-4, with the element 
size of all mesh formulations varying in the length-width plane of the specimen, such that 
the smallest elements are located at the edge of the samples and under the rollers.  
Table 7-4. Mesh density variation 
Model No No of elements Smallest element, 
Total Length Width lel, mm wel, mm 
1 10360 28 10 0.585 0.956 
2 24864 48 14 0.310 0.650 
3 51800 70 20 0.201 0.402 
4 99900 90 30 0.143 0.238 
5 153920 104 40 0.123 0.167 
6 259000 140 50 0.076 0.106 
Figure 7-7 shows that there is only a small effect of the number of elements on the failure 
load for both the cross-ply and angle-ply lay-ups for models with more than 50,000 
elements. However, larger errors in the failure prediction develop for the cross-ply lay-
ups when fewer elements are used. This is likely due in part to this coarse mesh having 
elements with large in-plane aspect ratios.  
With regards to the failure load, it can be seen that the cross-ply lay-up slightly 
underpredicts the failure load, whilst the angle-ply lay-up is slightly overpredicted. The 
under/overprediction is perhaps due to the differing failure mechanisms of these lay-ups, 
although the suppressed matrix cracking parameters for the angle ply lay-up may also 
have caused the over-prediction of the failure load for this laminate. It is, however, worth 
noting that no influence of the mesh density on the overall failure behaviour was 
recorded.  
As a result, in order to balance the requirements of accuracy and computational 
efficiency, a mesh having approximately 100,000 elements (90 elements in the length of 
the sample, 30 elements in the width dimension, and 1 element per ply in the through-
thickness direction) was taken forward in this work to be analysed further. In this case, 
the errors between the models and the experiment tests were 7.4% for the cross-ply lay-
up and 11% for the angle-ply lay-up. 
 





Figure 7-7. Mesh refinement studies for (a) cross-ply laminates, (b) angle-ply 
laminates. 
7.4 Parametric study of the material critical properties  
To investigate the influence of different material properties on the SBSS of the samples, 
a parametric study was conducted in order to identify those material parameters that are 
most critical. To achieve this, selected material parameters were reduced by between 10% 
and 40% of the pristine values (i.e. those values given in Section 7.1). For each set of 
parameters, the SBSS of the model was calculated and compared to the SBSS value of 
the pristine model in order to obtain the percentage reduction of the SBSS. This reduction 
of the critical material parameter can then be correlated to the average void content by 
comparing the numerical results to the experimental data set.  
In this chapter, the parametric study for each laminate system (i.e. the cross-ply laminate 
and the angle-ply laminate) are presented separately. This is due to the different failure 
behaviours observed for the different stacking sequences, which are expected to be 
influenced quite differently by each material parameter.  
7.4.1 Results and discussion for cross-ply laminates 
There are two material damage models that are expected to affect the failure behaviour 
of the cross-ply laminates – the transverse matrix cracking model and the delamination 
model. These two models are likely to affect the failure behaviour individually but may 
also show some combined influence on the short beam shear strength. In the subsequent 
sections, the parameters of these damage models will be investigated separately and then 
in combination.  
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7.4.1.1 Matrix crack model material parameters 
The transverse matrix cracking model has several material properties that are likely to 
affect the SBSS (see Table 7-2). This model is based on a strength-based damage 
initiation criterion and fracture mechanics propagation criterion, and it is suspected that 
the strength and fracture toughness of the material will have some influence on the failure 
behaviour and the SBSS. In particular, it has been observed that the failure mode of the 
cross-ply samples during the experiments showed multiple cracks in the length-thickness 
plane at an angle of approximately 45° through-thickness (see Figure 7-4b), and so it is 
expected that the tensile and shear strength of the material model will have the greatest 
effect on the SBSS.  
The dependence of the SBSS strength on the reduction of tensile strength and shear 
strength are shown in Figure 7-8. It can be observed that whilst the tensile strength has a 
negligible effect on the SBSS when reduced by less than 15%, further reduction of the 
tensile strength significantly affects the SBSS. In fact, a 40% reduction in the tensile 
strength causes a 32% reduction in the SBSS for this material system.  
However, in contrast, there is a negligible effect on the SBSS when reducing the shear 





Figure 7-8. Dependence of the SBSS reduction on the (a) percentage reduction of 
the tensile strength, YT; and (b) percentage reduction of the shear strength, SL. 
The dependence of the SBSS on the Mode I and Mode II fracture toughnesses can be 
seen in Figure 7-10. This shows that any reduction in the Mode I fracture toughness has 
a negligible effect on the SBSS (Figure 7-9a). In contrast, the reduction in SBSS when 
reducing the Mode II fracture toughness shows a linear dependence when the Mode II 
fracture toughness is reduced by more than 10%. 
 





Figure 7-9. Dependence of SBSS reduction on (a) percentage reduction of the 
Mode I fracture toughness, GI; (b) percentage reduction of the Mode II fracture 
toughness, GII. 
Based on this parametric study, both the tensile strength and the fracture toughness were 
identified as the critical parameters in terms of their effect on the SBSS. The reduction 
in the SBSS of these two parameters is shown in Figure 7-10, which shows that a 
reduction of the tensile strength by 40% provided a 32% reduction in the SBSS. The 
Mode II fracture toughness influence the SBSS not as significantly as the tensile strength, 
however it is still possible to achieve an ~11% SBSS reduction by decreasing the Mode 
II fracture toughness, GII,





Figure 7-10. Percentage reduction of SBSS vs (a) the percentage reduction of 
tensile strength, YT; (b) the percentage reduction of the Mode II fracture 
toughness, GII. 
However, it can be expected that when reducing both the tensile strength, YT and the 
Mode II fracture toughness, GII, at the same time the reduction of the SBSS will be even 
greater. This is shown in Figure 7-11 and Table 7-5, which show the combined reduction 
of the tensile strength, YT, and the Mode II fracture toughness, GII.  
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As expected, a larger reduction of the SBSS can be achieved by decreasing both 
parameters simultaneously. Even so, it is clear from Figure 7-11 that the tensile strength, 
YT, has a much more dominant effect on the SBSS. In fact, the dominance of this property 
suggests that this parameter could be used in isolation to ‘replicate’ the failure strength 
of cross-ply laminates containing voids.  
Table 7-5. Percentage reduction of the SBSS due to the combined reduction of the 









0 10 20 30 40 
0 0.00 0.27 4.81 17.61 31.78 
10 -1.87 2.02 5.66 20.04 32.03 
20 2.35 6.59 11.56 19.07 30.69 
30 6.45 12.57 13.49 19.25 32.51 
40 10.65 12.81 14.32 21.80 33.82 
 
Figure 7-11. Contour plot, showing the reduction of SBSS when combining the 
reduction of tensile strength, YT, and Mode II fracture toughness, GII. 
7.4.1.2 Material properties of the delamination model 
The failure of the cross-ply laminates also included delamination after the initial matrix 
cracking. Whilst delamination is primarily confined to the post-failure region (i.e. the 
failure regime after the failure strength is reached), it is possible that the reduction of the 
delamination model properties will also affect the failure strength.  This model includes 
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two parameters that may have an effect upon the SBSS – the Mode II fracture toughness 
and the Mode II strength.  
However, as shown in Figure 7-12, neither parameter has a significant effect upon the 
SBSS. Even when the Mode II strength is reduced by as much as 40% there is only a 3% 





Figure 7-12. Dependence of SBSS reduction on percentage reduction of the 
cohesive (a) mode II fracture toughness; (b) mode II strength. 
In fact, even when analysing the combined effect of the four ‘critical’ parameters of the 
transverse matrix crack model and delamination model, the contribution of the 
delamination model is negligible when compared to the effect of the matrix cracking 
model (see Table 7-6). 
It therefore appears clear that the delamination model does not have much of an effect on 
the SBSS, and also provides further evidence that the failure behaviour of cross-ply 
laminates is dominated by transverse matrix cracking. 
Table 7-6.Reduction of the SBSS by reducing the critical parameters from the 
matrix crack and delamination models 
 Matrix crack model Delamination model SBSS,  
MPa 
Reduction of 
SBSS, % Reduction of 
YT GII σII GII 
Pristine 0 0 0 0 78.922 0 
Reduced 30% 20% 0% 0% 63.871 19.07 
 30% 20% 20% 20% 63.864 19.08 
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7.4.1.3 Estimating the effect of voids based on a single ‘critical’ parameter for cross-
ply laminates 
As has been shown, only the tensile strength and the fracture toughness have any 
significant effect upon the SBSS. However, the tensile strength is clearly the most 
dominant factor in determining the SBSS. This suggests that it is possible to simplify the 
variables in this model and vary only the tensile strength in order to replicate the effect 
of the average void content on the SBSS. 
As is evident from Figure 7-13, there is no linear correlation between the reduction of the 
tensile strength and the average void content. However, there is a relationship between 
the tensile strength and SBSS, such that a reduction in the tensile strength can be 
correlated to the reduction in SBSS of an equivalent average void content. For instance, 
an average void content of 4% provides a 20% reduction in the SBSS (Figure 7-13a), and 
it is known that a 20% reduction in the SBSS can be modelled by a 32% reduction in the 
tensile strength of the model (Figure 7-13b).  
The relationship between the reduction of tensile strength and SBSS of the model can be 
described well by a polynomial equation (See the red line in Figure 7-13b). Due to the 
complex polynomial form of this relationship, there is no unique value of the tensile 
reduction for a given average void content. As a result, a simplified bi-linear relationship 
is also shown in Figure 7-13b. This equation is given by: 
𝑹𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝑺𝑩𝑺 𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉 (%),      𝒇(𝒙) = { 𝟎 𝐟𝐨𝐫 𝒙 < 𝟏𝟕
𝟏. 𝟑𝟕𝒙 − 𝟐𝟑. 𝟑 𝐟𝐨𝐫 𝒙 ≥ 𝟏𝟕
 (7-13) 
where 𝑥 the reduction of tensile strength (%). 
The relationship between the average void content of a sample and the reduction of the 
tensile strength of the model is therefore given by: 
𝑹𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒊𝒏 𝒕𝒆𝒏𝒔𝒊𝒍𝒆 𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉 (%),         𝒀𝑻(𝑽𝒗) = 𝟑. 𝟓𝟖𝑽𝒗 + 𝟏𝟕 (7-14) 
where 𝑉𝑣 is the average void content of a sample. 
 







Figure 7-13. (a) The percentage reduction of SBSS with increase of the average 
void content based on the experimental results for cross-ply laminates; (b) the 
percentage reduction of SBSS vs. percentage reduction of YT ,(c)  percentage 
reduction of YT reduction vs. average void content. Note: the red lines on the 
graphs correspond to a best fit line of the data. The black dotted line in (b) 
corresponds to a simplified bi-linear fitting. 
7.4.2 Results and discussion for angle-ply laminates 
The experimental SBS testing program on the IM7/8552 angle-ply laminates showed that 
these samples failed via delamination. Hence, it can be expected that any reduction of the 
material properties of the delamination model will have a significant affect upon the 
SBSS. Due to the test setup, i.e. a short beam shear (SBS) testing arrangement, the most 
influenced parameters will be the cohesive Mode II fracture toughness, GII, and the Mode 
II strength, σII. However, for the sake of completeness, the effects of reducing the Mode 
I properties are also investigated. 
As expected, a reduction of the Mode II fracture toughness, GII, and Mode II strength, 
σII, causes a reduction in the SBS strength (See Figure 7-14). In particular, it is shown 
that the Mode II strength, σII, has the most significant effect on the SBSS. In fact, by 
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reducing the Mode II strength, σII, by 40% it is possible to achieve a ~28% SBSS 
reduction, whilst reducing the fracture toughness, GII, by the same amount provides only 





Figure 7-14. Dependence of SBSS reduction on cohesive mode II (a) fracture 





Figure 7-15. Percentage reduction of SBSS vs. cohesive mode II (a) fracture 
toughness, GII; (b) strength, σII. 
Predictably, no effect is observed when varying the cohesive Mode I fracture toughness, 
GI, and Mode I strength, σI (see Figure 7-16). 
 





Figure 7-16. Dependence of SBSS reduction on the percentage reduction of 
cohesive Mode I (a) fracture toughness GI; and (b) strength, σI. 
Similar to the cross-ply laminate, it was possible to identify two critical parameters that 
influence the failure load and SBSS. For the angle ply, these are the cohesive Mode II 
fracture toughness, GII, and Mode II strength, σII. And, in fact, the combination of these 
two parameters can lead to an even greater reduction of the SBSS, as shown in Figure 
7-17 and Table 7-7. In this case, the maximum reduction of the SBSS is approximately 
35% when reducing both critical parameters by 40%. This contrasts with the ~11% 
reduction obtained when reducing only the Mode II fracture toughness and the ~28% 
reduction obtained when reducing just the Mode II strength. 
Even so, it is clear from Figure 7-17 that the cohesive Mode II strength, σII, has a much 
more dominant effect on the SBSS. In fact, the dominance of this property suggests that 
this parameter could be used in isolation to ‘replicate’ the failure strength of cross-ply 
laminated containing voids in the same manner for the cross-ply laminates, as discussed 
in Section 7.4.1.3. 









0 10 20 30 40 
0 0 6.92 13.18 20.18 28.32 
10 2.18 8.98 15.53 21.79 29.41 
20 5.01 11.81 18.12 23.99 30.96 
30 7.97 14.70 21.00 26.58 32.73 
40 11.45 17.75 24.08 29.98 35.23 
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Figure 7-17. Contour plot, showing the reduction of SBSS when combining the 
reduction of cohesive Mode II fracture toughness, σII, and strength, GII. 
7.4.2.1 Estimating the effect of voids based on a single ‘critical’ parameter for angle-
ply laminates 
In the previous section it was shown that the cohesive Mode II strength and Mode II 
fracture toughness both have a significant effect upon the SBSS. Although, it was also 
shown that the cohesive Mode II strength, σII, is clearly the most dominant factor in 
determining the SBSS.  
This suggests that it is possible to simplify the variables in this model and vary only the 
Mode II strength in order to replicate the effect of the average void content on the SBSS 
of angle-ply laminates. 
From Figure 7-18, it is evident that there is a linear correlation between the reduction of 
the cohesive Mode II strength and the average void content of the samples. This makes 
it easy to calculate the reduction in the Mode II strength required to replicate the effect 
of an equivalent void content. For example, to model the effect of the sample with 2 % 
void content, the cohesive Mode II strength can be reduced by 25%.  
And in fact, the relationship between the reduction of cohesive strength and SBSS of the 
model can be described nicely by a linear equation (See the red line in Figure 7-18b) 
𝒇(𝒙) = 𝒂𝒙 (7-15) 
for this particular material system (IM7/8552), the coefficient is: 𝑎 =  0.6903. 
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The relationship between the average void content of a sample and the reduction of the 
cohesive strength of the model can therefore be described by a polynomial equation of 
the same form: 
𝑹𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒊𝒏 𝒄𝒐𝒉𝒆𝒔𝒊𝒗𝒆 𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉 (%), 𝒀𝑻(𝑽𝒗) = 𝟏𝟑. 𝟐𝟔𝑽𝒗 (7-16) 







Figure 7-18. (a) The percentage reduction of SBSS with increase of the average 
void content based on the experimental results for angle-ply laminates; (b) the 
percentage reduction of SBSS vs. percentage reduction of cohesive Mode II 
strength, σII,; (c) percentage reduction of cohesive Mode II strength, σII, vs. 
average void content.  Note: the red lines on the graphs correspond to a best fit 
line of the data.  
7.5 Concluding remarks 
In this chapter, a simplified FE model has been developed in order to simulate the effect 
of voids on the SBSS. The intention behind this work was to provide industry with a 
simple tool that allows the reduction in mechanical properties to be predicted with simple 
ply-level FE model and knowledge of the average void content of the sample (i.e. provide 
a knock-down factor). 
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To achieve this, a parametric investigation was conducted on the SBS FE model for cross-
ply and angle ply samples. To model the behaviour of these lay-ups, different material 
damage models were implemented, such as a transverse matrix cracking model and a 
delamination model. In addition, non-linear shear and thermal residual stresses were also 
introduced. It was also shown that to correctly model the behaviour of the angle-ply 
samples, the matrix crack material models needed to be supressed due to the smeared 
crack approach implemented in the current damage model. In future, this model could be 
improved by introducing a formulation for discrete matrix cracks. 
For this parametric study, selected properties of the material damage models were 
reduced and the resultant reduction in the SBSS calculated. In this way the critical 
parameters, in terms of their effect on the SBSS, were identified. For the cross-ply 
laminates, it was shown that the most critical parameters were the tensile strength and 
Mode II fracture toughness of the transverse matrix crack model, whilst the delamination 
model didn’t provide any significant effect on the failure behaviour due to delamination 
typically occurring after the maximum load is reached for this material system. By 
reducing the tensile strength and Mode II fracture toughness at the same time it was 
possible to achieve the highest reduction of SBSS – 34% – although this reduction is 
predominantly due to the reduction in the tensile strength. Using the information from 
the parametric study, it is possible to describe a simple polynomial relationship between 
the tensile strength and the reduction in the SBSS, which can then be correlated to an 
equivalent average void content of an experimental sample.  
Similarly, the parametric study for angle-ply samples also showed that the critical 
parameters were the Mode II fracture toughness and tensile strength, although in this case 
these properties were from the delamination model rather than the matrix cracking model.  
Whilst for the angle-ply laminate the two ‘critical’ parameters each had a pronounced 
effect on the SBSS, it was found that the cohesive Mode II cohesive strength has the 
greater effect on the SBSS. In fact, the relationship between the Mode II strength and the 
SBSS can be described by a linear equation. Using this equation, it is possible to estimate 
the reduction of the SBSS from the reduced cohesive strength, and thereby correlate this 
SBSS to an equivalent average void content of an experimental sample.  
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8 CONCLUSIONS 
8.1 Original contributions 
The main goal of this study has been to understand the effect of void features on the 
strength of composite materials, and to identify the void characteristics most influential 
in affecting the failure of composites. The interlaminar strength of composite materials 
is known to be highly affected by the presence of voids. Furthermore, the short beam 
shear (SBS) test was selected as it is a quick mechanical test that uses small samples, 
such that a large set of experimental data could be generated. The small SBS samples 
were also conveniently sized for CT-scanning, providing a good image resolution.  
To achieve this goal, a number of technical challenges have had to be overcome, as set 
in Chapter 1 ‘Introduction’. 
The author’s main contributions will be summarized separately accordingly to the thesis 
chapters. 
In order to assess existing thresholding methods used in the post-processing of X-ray CT 
scans of composites with voids, a parametric study of these thresholds was conducted 
and presented in Chapter 3. 
• A simple model was developed to simulate the CT-response to porosity, which 
made it possible to know the ‘true’ value of the void volume fraction and thus the 
size of the voids.  
• For the first time, it has been confirmed that, with knowledge of the ‘true’ value 
of the void volume fraction, the ‘50% thresholding method’ (a common CT-
segmentation thresholding method) is more accurate than other commonly used 
thresholding methods in all but a few situations.  
• Application of the 50% threshold on unidirectional carbon/epoxy samples, 
containing porosity, demonstrated excellent correlation to the microscopic 
measurements, both qualitatively and quantitatively. 
• A new adaptive threshold was introduced that is the first known thresholding 
method able to provide an optimal solution in the full range of commonly 
encountered grey level histograms. In particular, the method is able to outperform 
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the 50% thresholding method in the presence of a high level of scattering noise 
and/or a low grey value of the resin peak. In these cases, the threshold needs to be 
set to a lower value in order to reduce the overestimation of porosity due to resin 
voxels masquerading as pores because they are below the 50% threshold. This 
algorithm has been demonstrated using simulations to have significantly 
improved porosity measurement capabilities and reduced bias in the 
measurements.  
In order to investigate the effect of voids on mechanical properties it is important to 
manufacture specimens in a controlled manner with a range of void contents. This is 
investigated in Chapter 4. 
• A novel temperature- and pressure-controlled out-of-autoclave method was 
introduced to manufacture panels containing voids. Although it wasn’t possible to 
achieve samples with a completely uniform void distribution, it was possible to 
obtain samples with a range of void contents for two different material systems, 
by varying process parameters.  
• Different process parameters were required for different material systems 
(IM7/8552 and IMA/M21) and different lay-ups. It was found that the compaction 
pressure was the critical parameter for all the chosen materials and lay-ups.  
• μCT-scanning of the samples has shown different morphology of the intra-ply 
voids (voids that are located within the plies) and the inter-ply voids (voids that 
are located in the interface between plies). Intra-ply voids are elongated in the 
direction of the fibres and are mostly unaffected by the particular material system 
and laminate lay-up. The inter-ply voids dependent strongly on the particular 
material system and laminate lay-up. For IMA/M21 cross-ply they appear to be 
circular (coin-like shape), whilst for IM7/8552 cross-ply these voids are needle-
like shaped and follow the fibre direction of the one of the adjacent plies. The 
shape of the interply voids observed for IM7/8552 angle-ply samples differs 
greatly due to the orientations of the adjacent plies, as they are elongated in a 
curved shape that combines the path of both angled plies at the interface. To the 
knowledge of the author, this is the first time this phenomenon has been observed; 
possibly due to the previous use of 2D microscopy to analysis voids in samples.  
The short beam shear test was chosen to in order to investigate the effect of the void 
features on laminate strength and carried out on the samples with porosity. Statistical 
 
   149 
analysis of the experimental results is shown in Chapter 5. Different void features were 
analysed, and the main conclusions are as follows: 
• An extensive experimental dataset has been obtained that contains 3-dimensional 
information of every single void in the samples. This leads to a new understanding 
of how the characteristics of individual voids, and the interaction of multiple 
voids, affect the strength of composite materials. 
• The number of voids in a specimen is not a good parameter for estimating the SBS 
strength due to the different sizes of the voids in each sample. 
• Using the maximum dimension of the largest void, the volume of the single largest 
void, or the ‘critical ply’ where most of the voids in a sample are located, has also 
been difficult to relate to the SBS strength. This is particularly the case for samples 
of IM7/8552 at larger average voids contents, at which the voids are not confined 
to a single ply but instead form a network of voids that bridge between the plies. 
• It has been found for the first time that there is a ‘critical defect size’ of the voids, 
below which the voids do not contribute to failure and can therefore be neglected. 
A simple estimation of this ‘critical void size’ can be made using a linear elastic 
fracture mechanics equation, although it should be noted that this method is 
oversimplified as it assumes an isotropic homogeneous material subjected to pure 
mode II shear. 
• A novel comparative analysis of samples with the same void content but different 
strength level was undertaken. This analysis showed that in most pairs of samples, 
neglecting voids smaller than the ‘critical void size’ explained the discrepancies 
between the SBSS values of the two samples in each pair. In those pairs whose 
respective values of SBSS could not be explained by applying the ‘critical void 
size’, the result could be explained by the presence of one large void in the critical 
region (where the stresses are highest) or by the close proximity of a few of the 
largest voids in this critical region.  
It is important for industry to be able to predict the strength of composite materials 
containing voids without undertaking extensive testing programs. In Chapter 6, an 
analytical prediction of the short beam shear strength is compared with experimental 
results. The prediction of the SBS strength is based on an assumption that the SBS 
strength is caused by a reduction of the cross-sectional area in a ‘critical plane’.  
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• For the first time, a full dataset is now available for direct calculation of the 
reduced cross-sectional area from the CT scans provided by VG Studio Max. The 
data extraction is however laborious and ultimately was unable to provide a 
satisfactory prediction of the SBS strength. 
• Estimating the reduced cross-sectional area by assuming that each void has a 
constant cross-section in the thickness direction and totalling the cross-section of 
each void that crosses a particular plane, doesn’t provide a better prediction for 
any of the investigated material systems and lay-ups, due to majority of the voids 
being complex interconnected void networks. 
• Estimating the reduced cross-sectional area based on the projected area of the 
voids (when viewed in the length-width plane) provided a good estimation of the 
SBS strength for IM7/8552 cross-ply samples. However, the estimation didn’t 
work well for IM7/8552 angle-ply samples and IMA/M21 cross-ply samples due 
to the different morphology of the voids. 
• Improvements were made to the strength prediction for IMA/M21 cross-ply 
samples by totalling the projected area of all voids centred within a thin 3D slice. 
An optimal slice thickness of 0.0475mm was found, which is approximately the 
size of the inter-ply resin layer where the majority of the voids are located.  
• The inter-ply resin layer in the IMA/M21 samples was shown to increase in 
thickness with increases in the average void content, and could be estimated using 
an average of the thickness of all voids in a sample. Applying a different resin 
layer thickness for each sample resulted in improvements in the estimated SBS 
strength.  
• The prediction of the SBSS was more challenging for the IM7/8552 angle-ply 
samples due to the complex shape of the voids. However, satisfactory results were 
obtained by taking into account voids that are centred within a slice thickness of 
0.095 mm. It is not possible to visualise the resin layer thickness in this material 
system, so no improvement of the prediction could be obtained by relating the 
slice thickness to the average thickness of the voids. 
One of the objectives of this work was to provide industry with a tool that allows the 
reduction in mechanical properties as a function of void content to be predicted. To this 
end, a ply-level FE model was developed and presented in Chapter 7. 
• A parametric investigation was conducted on the SBS FE model for cross-ply and 
angle ply samples. To model the behaviour of these lay-ups, different material 
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damage models were implemented. In this model, specific material properties 
were reduced and then correlated to the average void content of the samples. 
• It was shown for cross-ply laminates that it is possible to define a simple 
polynomial relationship between the matrix tensile strength (which was found to 
have the most dominant effect on strength reduction) and the reduction in the 
SBSS, which can then be correlated to an equivalent average void content of an 
experimental sample. 
• For angle ply laminates, the interlaminar Mode II strength was found to be the 
most critical material property. The relationship between the Mode II strength 
and the SBSS can be described by a linear equation. Using this equation, it is 
possible to estimate the reduction of the SBSS from the reduced cohesive 
strength, and thereby correlate this SBSS to an equivalent average void content 
of an experimental sample. 
8.2 Further Work 
This thesis has demonstrated the importance of using particular void features to correlate 
to the failure strength and predict the failure strength of composite materials. However, 
the subject is vast and a number of key challenges, described below, have been identified 
for the journey ahead. 
Improvement of the CT simulator  
In the current CT simulator, the voids were modelled as spheres. However, during this 
research it has been shown that the void shapes are different, based on their location, and 
the particular material systems and lay-ups of the samples. It would therefore be of further 
benefit to use the developed model to investigate irregular shaped voids and to verify the 
applicability of the thresholding methods.  
Improvement to the manufacturing method 
The developed out-of-autoclave manufacturing technique has shown its capability to 
produce samples with a range of void contents, as well as provide samples having voids 
with varying shapes and sizes that depend on the process parameters used during the 
manufacture. However, it would be beneficial to further develop the manufacturing 
techniques to allow more control of the void shapes and sizes, and size distributions, as 
this would allow their effects to be investigated more thoroughly. 
The effects of the composite lay-up 
 
152   
It has been shown that the lay-up of a composite has a significant effect. Specifically, it 
has been shown that cross-ply and angle-ply laminates have very different void shapes, 
and that the failure behaviour is very different. A more thorough investigation of the 
effect of composite lay-up sequences would be of great benefit to the scientific 
community, particularly as the design freedom of composite stacking sequences is a great 
advantage of composites.  
An investigation of other matrix-dominated properties    
As the literature review revealed, there is very little investigation on the effect of voids 
on other properties, such as Mode I and Mode II interlaminar fracture toughness. This is 
perhaps due to the complexity of failure mechanisms, which has resulted in a lot of scatter 
in the available literature results. However, in-situ CT-scanning is becoming a more 
common technique and would provide an ideal tool to further investigate the exact failure 
mechanisms of composites containing voids. Particularly as it may reveal the precise path 
of the cracks as they propagate between voids.   
An investigation of curved geometries 
The current work has focussed on the effects of voids on flat panels. However, in practice, 
composite parts typically contain many corners, angles, and ply-drops. These complex 
geometrical features are likely to introduce different distributions of voids, as well as 
different void shapes. The result is that these porous parts are likely to behave somewhat 
differently to flat panels.  
Development of the FE model to include discrete matrix cracks 
In this work the matrix crack material model used was a smeared continuum damage 
formulation. This had to be suppressed in order to correctly model the failure behaviour 
of the angle-ply samples. This was due to the smeared crack approach implemented in 
the damage model which resulted in too wide spread damage. It is expected that the model 
could be improved by introducing a formulation for discrete matrix cracks.  
Development of the FE model to consider non-uniform void distribution 
The FE model that has been developed includes a knock-down factor that diminishes the 
properties across the entire sample. However, in real panels, there will be some degree 
of non-uniformity in the distribution of the voids. This non-uniformity can be 
implemented in the model, such that an improved knock-down criterion can be developed 
that better represents the void distribution of ‘real’ parts. 
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Table 10-1. Average void content in different batches of cross-ply IM7/8552 
Batch  No of samples Average void content, % SD 
Batch 1 16 7.108 0.453 
Batch 2 16 5.996 0.646 
Batch 3 16 4.269 0.435 
Batch 4 12 3.774 0.513 
Batch 5 12 3.862 0.425 
Batch 6 8 3.294 0.625 
Batch 7 8 2.436 0.883 
Batch 8 8 1.62 0.394 
Batch 9 (Ref) 16 0 0 
 
Table 10-2. Average void content in different batches of cross-ply IMA/M21 
Batch  No of samples Average void content, % SD 
Batch 1 16 10.733 1.380 
Batch 2 12 9.582 1.750 
Batch 3 12 10.798 1.635 
Batch 4 8 9.115 0.337 
Batch 5 8 6.758 1.210 
Batch 6 8 8.878 2.022 
Batch 7 8 8.872 0.623 
Batch 8 12 5.748 0.504 
Batch 9 8 2.455 0.674 
Batch 10 (Ref) 16 0 0 
 
